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L A N D I N G  GEAR AND CAVITY N O I S E  PREDICTION 

By Donald  B .  B l i s s  a n d   R i c h a r d  E .  Hayden 
B o l t  Beranek and Newman I n c .  

INTRODUCTION 

Airframe ( n o n p r o p u l s i v e )   n o i s e  i s  p r e s e n t l y  of  c o n c e r n   s i n c e  
i t  r e p r e s e n t s  a p o t e n t i a l  b a r r i e r  t o   s u c c e s s f u l   i m p l e m e n t a t i o n  of 
p r o p o s e d   n o i s e   r e g u l a t i o n s   o n   c o m m e r c i a l   a i r c r a f t .   I n   p a r t i c u l a r ,  
t h e   m o s t  commonly a c c e p t e d   f u t u r e   n o i s e   r e g u l a t i o n s  are though t  
t o  be 1 0  PNdB be low  Fede ra l  A i r  R e g u l a t i o n  36 (FAR-36).  Meeting 
t h i s   s o - c a l l e d  FAR 36-10 c r i t e r i o n   c a n n o t  be a c h i e v e d  by t r e a t i n g  
p r o p u l s i o n   s o u r c e s   a l o n e  i f  a i r f r a m e   n o i s e   s o u r c e s  are a t  o r  
above the  FAR 36-10 d B  l e v e l .   T h u s ,  i t  i s  i m p o r t a n t   t o   i d e n t i f y  
t h e   a i r c r a f t   c o m p o n e n t s   a n d   n o i s e   m e c h a n i s m s   r e s p o n s i b l e   f o r  a i r -  
frame n o i s e   r a d i a t i o n   a n d   t o   a t t e m p t   t o   p r e d i c t  t h e  component 
n o i s e   l e v e l s .  

Troublesome airframe n o i s e   o c c u r s   d u r i n g   t h e   a p p r o a c h   p h a s e  
o f   f l i g h t ,  when power s e t t i n g s  a re  r e l a t i v e l y  low  and t h e  a i r -  
c r a f t  i s  i n  a h i g h  l i f t ,  h i g h   d r a g   c o n f i g u r a t i o n  by v i r t u e   o f  
d e p l o y m e n t   o f   f l a p s ,   s l o t s ,   a n d   l a n d i n g   g e a r   a n d   t h e   p r e s e n c e   o f  
o p e n   c a v i t i e s .  T h e  p r e s e n t  work i s  c o n f i n e d   t o  t h e  e f f e c t   o f  
l a n d i n g  gear a n d   c a v i t i e s   o n l y .  A b r o a d e r   t r e a t m e n t  o f  t h e  pro-  
blem c a n  be found i n  Hayden et aZ. (1974 and 1975) and  Hardin 
e t  aZ. (1975). 

S i n c e   t y p i c a l   g l i d e   s l o p e s   f o r  CTOL a i r c r a f t  a r e  3" from 
h o r i z o n t a l ,  t h e  a i r c r a f t  f l y  a t  low a l t i t u d e   f o r  a l o n g   d i s t a n c e ,  
t h u s   p o t e n t i a l l y   e x p o s i n g  a l a r g e  area t o   n o i s e .   B e f o r e   c o n -  
s i d e r i n g   t h e   l a n d i n g   g e a r / c a v i t y   n o i s e   m e c h a n i s m s   a n d   p r e d i c t i o n s  
i n  d e t a i l ,  i t  i s  i n s t r u c t i v e   t o   r e v i e w  t h e  t y p i c a l   s e q u e n c e  of 
e v e n t s   u n d e r t a k e n  by a n   a i r c r a f t   p r e p a r a t o r y   t o   l a n d i n g ,   s i n c e  
t h e  airframe c o m p o n e n t   c o n f i g u r a t i o n ,   a i r s p e e d ,   a n d   a l t i t u d e  a l l  
p l a y  a r o l e   i n  t h e  obse rved  airframe n o i s e ,   a n d  a l l  v a r y   s i g -  
n i f i c a n t l y   d u r i n g   a n   a p p r o a c h .   F i g u r e  1 shows a t y p i c a l   s e q u e n c e  
o f   f l a p   a n d  gear deployment as a f u n c t i o n   o f   d i s t a n c e   f r o m  t h e  
a i r p o r t   a l o n g  w i t h  t h e   r e s p e c t i v e   a l t i t u d e s   a n d   a i r s p e e d s   f o r  
CTOL j e t s  i n  t h e  c u r r e n t   c o m m e r c i a l  f l e e t .  

R e d u c e d   s p e e d   a n d   i n c r e a s e d   f l a p   a n g l e   c h a r a c t e r i z e   t h e  
e a r l y  s t a g e s  of f i n a l   a p p r o a c h ,   w h i c h  may b e g i n  1 6  km (10 miles)  
from t h e  touchdown  poin t .  A t  a l t i t u d e s  .of 4 6 0  t o  5 5 0  m ( a p p r o x i -  
m a t e l y  1500 t o  1800  f t ) ,   t h e  3" g l i d e   s l o p e  i s  i n t e r c e p t e d   a n d  
t h e  l a n d i n g   g e a r  i s  d e p l o y e d ,   i n v o l v i n g  t h e  o p e n i n g   o f   v a r i o u s  
doors i n  t h e  fuse l age   and   w ing .  On many a i r c r a f t ,  some o f   t h e  
d o o r s  w i l l  r e c l o s e   s h o r t l y  a f t e r  t h e  gear   deployment .  When t h e  
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a i r c r a f t   c r o s s e s  t h e  F A A  n o i s e   c e r t i f i c a t i o n   p o i n t ,  1 .85  km (1 
n a u t i c a l  mile) from t h e  t h r e s h o l d ,  i t  i s  t r a v e l i n g  66  t o  73  m/sec 
(215 t o  240  f t / s e c )  a t  a n   a l t i t u d e   o f  113 m (370  f t ) .  The n o i s e  
i s  measured  on a d i r e c t   f l y o v e r .  The a l l o w a b l e   l e v e l s   f o r  a i r -  
c r a f t   n o i s e  are a f u n c t i o n   o f   a i r c r a f t   g r o s s  weight .  The t y p i c a l  
components  of  concern a r e  p o i n t e d   o u t   i n  F i g .  2 f o r  a t y p i c a l  
modern a i r c r a f t  . 

The de t a i l s  o f  f l a p  g e o m e t r y ,   s e t t i n g   a n g l e ,   l a n d i n g  gear 
a r r a n g e m e n t ,   a n d   e x a c t   a i r s p e e d   v a r y   b e t w e e n   a i r c r a f t   t y p e s ,   a n d  
e v e n   b e t w e e n   d i f f e r e n t   a i r c r a f t   o f  t h e  same t y p e ,   d u e   t o   l o a d  
f a c t o r s ,  weather, t r a f f i c ,   a n d   p i l o t   t e c h n i q u e s .  

The f o l l o w i n g  l i s t  i s  b e l i e v e d   t o   i n c l u d e  a l l  t h e  major  con- 
t r i b u t o r s   t o  airframe n o i s e :  

Wings a n d   s t a b i l i z e r s ,  
F l a p s ,  
Landing gear " s e l f - n o i s e , "  
L a n d i n g   g e a r   c a v i t y  (wheel wel l )  o s c i l l a t i o n s ,  
Separated f l o w   i n t e r a c t i o n   o f  edges o f   c a v i t i e s ,  
D o o r s   a s s o c i a t e d  w i t h  gear deployment ,  
I n t e r a c t i o n   o f  gear a n d   c a v i t y  wakes w i t h  t r a i l i n g  
edges and f l a p s .  

I n   p r a c t i c e ,   o n e   f i n d s   v a r i o u s   c o n f i g u r a t i o n s   o f  f laps ,  
e .g . ,   one- ,   two- ,  or t h ree - f l ap  s y s t e m s ,  l e a d i n g - e d g e   d e v i c e s ,  
a n d   l a n d i n g  gear  ( s i n g l e   c a r r i a g e ,   m u l t i p l e   c a r r i a g e ,   i n - l i n e  
s t r u t s ,   e t c . ) .  The componen t   no i se   p red ic t ion   me thod   enab le s  
o n e   t o   a c c o u n t   f o r  t h e  d i f f e r e n c e s   b e t w e e n   c o n f i g u r a t i o n s ;  t h i s  
method may b e  i m p o r t a n t   i n   d e t e r m i n i n g   a n d   r e d u c i n g  t h e  o v e r a l l  
n o i s e   s i g n a t u r e   o f  t h e  a i r c r a f t .  

T Y P I C A L   C O N F I G U R A T I O N S  

I n   o r d e r   t o   d e t e r m i n e  t h e  g r o s s   g e o m e t r y   a n d   c h a r a c t e r i s t i c s  
o f   t y p i c a l   l a n d i n g  gear conf igu ra t ions ,   measu remen t s   and   pho to -  
g r a p h s  were made o f  a Boeing 727  and a McDonnell-Douglas DC-9 
(see F i g s .  2 t h r o u g h  7 ) .  The l a n d i n g  gear a r r a n g e m e n t   i n   b o t h  
a i r c ra f t  i s  s e e n   t o  b e  q u i t e  similar. S i n c e  t h e  measurements 
were made on a c t u a l   s e r v i c e   a i r c r a f t ,   a n d   n o t   t a k e n   f r o m  de ta i led  
e n g i n e e r i n g   d r a w i n g s ,  t h e  in fo rma t ion   g iven   mus t  be  viewed as 
approx ima te .  It i s ,  h o w e v e r ,   q u i t e   a d e q u a t e  for p r e s e n t   p u r p o s e s .  
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B o t h   a i r c r a f t   h a v e  a two-wheel  nose gear s u p p o r t e d  by a 
s i n g l e   s t r u t .  When t h e   g e a r  i s  lowered  two s e t s  of   doors   open .  
The la rger  f o r w a r d   d o o r s   r e c l o s e   o n c e   t h e  gear i s  i n   p l a c e .  
D u r i n g   t h e   l o w e r i n g   p r o c e s s ,  t h e  l a r g e   r e c t a n g u l a r   c a v i t y   w h i c h  
h o u s e s   t h e   n o s e   g e a r  i s  open  and  exposed t o   t h e   f l o w .  However, 
t h e   f l o w   o v e r  t h i s  c a v i t y  i s  s e r i o u s l y   d i s t u r b e d   d u r i n g   p a r t  of 
t h i s  time by t h e   l a n d i n g   g e a r  i t s e l f .  Once t h e  gear i s  i n  p l a c e ,  
t h e  rear doors   remain   open ,   p roducing  a r e l a t i v e l y  small opening  
i n t o  a l a r g e   i n t e r n a l   e n c l o s u r e .  The  f l o w   o v e r   t h i s   o p e n i n g  i s  
s e r i o u s l y   d i s t u r b e d  by t h e  p r e s e n c e   o f   t h e   s t r u t   w h i c h  i s  t y p i -  
c a l l y   v e r y   c l u t t e r e d   w i t h   b r a c e s ,   l i g h t s ,   e t c .  The small d o o r s  
o n   t h e   B o e i n g  727 are  a l s o  f i t t e d  w i t h   l a r g e   c u r v e d   f l o w   d e -  
f l e c t o r s ,  w h o s e   p u r p o s e   a p p e a r s   t o  b e  t o   f o r c e  a i r  i n t o   t h e  
c a v i t y .  

On each  s i d e ,  t h e  ma in   l and ing  gear o f   b o t h   a i r c r a f t   h a s  a 
s i n g l e   m a i n   s t r u t   t o   s u p p o r t  two wheels. There  i s  a d i a g o n a l  
b race   runn ing   f rom t h e  m a i n   s t r u t ,   j u s t   a b o v e   t h e   w h e e l s ,   t o   t h e  
f u s e l a g e   i n t e r i o r .   I n  t h e i r  r e t r a c t e d   p o s i t i o n ,   t h e  wheels are  
c o n t a i n e d   i n   t h e   f u s e l a g e ,   a n d   t h e   m a i n   s t r u t   a n d  i t s  p i v o t  
p o i n t  a re  l o c a t e d   i n  t h e  wing.  Thus, t h e r e  i s  a small wing 
c a v i t y   a n d  a r e l a t i v e l y   l a r g e   f u s e l a g e   c a v i t y .  The d o o r   f o r   t h e  
w i n g   c a v i t y  i s  open  and  exposed t o  t h e  flow  whenever t h e  g e a r  i s  
i n   p l a c e .  On t h e  Boeing 727,  t h i s  d o o r   a l s o   c o v e r s  a small por -  
t i o n   o f  t h e  f u s e l a g e   c a v i t y .   T h e   f u s e l a g e   c a v i t y   d o o r   o p e n s  
when t h e  g e a r  i s  b e i n g   l o w e r e d   a n d   t h e n   r e c l o s e s   o n c e   t h e  gear 
i s  i n   p l a c e .  Whi le  i t  i s  open,  t h e  l a r g e   e s s e n t i a l l y   r e c t a n g u l a r  
f u s e l a g e   c a v i t y  i s  e x p o s e d   t o  t h e  f l o w .  F o r   p a r t   o f   t h i s  t ime, 
as t h e   g e a r   l e a v e s  t h e  c a v i t y ,  t h e  f l o w   o v e r   t h e   f u s e l a g e   c a v i t y  
w i l l  b e  s e r i o u s l y   i n t e r r u p t e d .  The e n t i r e   p r o c e s s   o f   l o w e r i n g  
t h e   m a i n   g e a r   a n d   r e c l o s i n g   t h e   f u s e l a g e   d o o r s  takes  abou t  1 0  
s e c o n d s .  Once the  g e a r  i s  i n   p l a c e ,  t h e  l a r g e   f u s e l a g e   c a v i t y  
i s  v e n t e d   t o  t h e  e x t e r n a l   f l o w   o n l y   t h r o u g h  t h e  w i n g   c a v i t y   a n d ,  
p e r h a p s ,  a small o p e n i n g   o n   t h e   a d j a c e n t   f u s e l a g e   s u r f a c e .  The 
wing   cav i ty  i s  bounded i n  t h e  s p a n w i s e   d i r e c t i o n  b y  t h e  main 
s t r u t   ( w h i c h   e x t e n d s   i n t o  i t s  volume) a t  one  end  and  the  opening 
i n t o  t h e  f u s e l a g e   c a v i t y   e n c l o s u r e  a t  t h e  o t h e r   e n d .   E x c e p t  
f o r   t h e   m a i n   s t r u t   a n d   b r a c e ,   f l o w   o v e r  t h e  w i n g   c a v i t y   s p a n  i s  
r e l a t i v e l y   u n i m p a i r e d .   T h e  s t a t e  o f   t he   ups t r eam  boundary  l a y e r  
i s  somewhat u n c e r t a i n   s i n c e   t h e   w i n g   l e a d i n g   e d g e   d e v i c e s  a re  
u s u a l l y   d e p l o y e d  when t h i s   c a v i t y  i s  open.  The r e l a t i v e   l o c a -  
t i o n s  a r e  such  t h a t  t h e   i n b o a r d   t e r m i n a t i o n   o f   t h e   l e a d i n g   e d g e  
d e v i c e  may b e  d i r e c t l y   u p s t r e a m   o f   t h e   w i n g   c a v i t y ,   s u g g e s t i n g  
t h a t  a v o r t e x  may p a s s   o v e r   t h e   c a v i t y   m o u t h .  
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NOISE S O U R C E  IDENTIFTCATION 

I n  t h i s  s e c t i o n ,   t h e   s o u r c e s   o f   l a n d i n g   g e a r / c a v i t y   n o i s e  
a re  i d e n t i f i e d .   I n   t h e   f o l l o w i n g   s e c t i o n s ,   t h e s e   n o i s e   s o u r c e s  
are d i s c u s s e d   i n   g r e a t e r  d e t a i l  to show q u a n t i t a t i v e l y   t h e i r  
dependence  on  geometry  and  f low  parameters   and t o  show q u a l i t a -  
t i v e l y   t h e i r   e x p e c t e d   d i r e c t i v i t y   p a t t e r n s .   S a m p l e   c a l c u l a t i o n s  
w i l l  be  c a r r i e d  ou t  f o r   t h e   B o e i n g  727 a i r c r a f t .  The n o i s e  
s o u r c e s  c l a s s i f i ed  below are e s s e n t i a l l y   d u e   t o   f o u r   m e c h a n i s m s :  
m o d a l   p r e s s u r e   o s c i l l a t i o n  phenomena, t h e  edge noise   mechanism,  
vo r t ex   shedd ing ,   and   t he   imp ingemen t   o f   t u rbu len t   f l ow  on   su r -  
faces a n d   b o d i e s .  

Cavity  Discrete   Pressure  Osci l lat ions 

F l o w   o v e r   o p e n   c a v i t i e s  or c u t - o u t s   i n   t h e   s u r f a c e s  o f  a i r -  
c r a f t   o f t e n   p r o d u c e s   i n t e n s e   p r e s s u r e   o s c i l l a t i o n s   i n  t h e  c a v i t y  
which rad ia tes  d i s c r e t e   n o i s e .  The n a t u r e   o f   t h e   c a v i t y   r e s p o n s e  
depends  on t h e  c o m p l e x   i n t e r a c t i o n   o f   t h e   c a v i t y   i n t e r n a l  wave 
s t r u c t u r e   a n d  t h e  e x t e r n a l   s h e a r  l aye r .  The  mean f l o w   s u p p l i e s  
t h e  energy  to s u s t a i n  t h e  o s c i l l a t i o n   p r o c e s s .  A s  i n d i c a t e d   i n  
t h e  p r e v i o u s   s e c t i o n ,   l a n d i n g   g e a r   c a v i t i e s  may b e  e i t h e r  a lmos t  
e n t i r e l y   o p e n   t o  t h e  f low  on   one   face  or c l o s e d   e x c e p t   f o r  a small 
o p e n i n g   t o  t h e  f l o w ,   o r   t o   a n o t h e r   c a v i t y .  The occur rence   o f  
o s c i l l a t i o n s   d e p e n d s  on t h e  c a v i t y   c o n f i g u r a t i o n ,  t h e  f low  speed  
and  upstream  boundary l a y e r ,  and t h e  p r e s e n c e   o f   s t r u t s ,   e t c . ,  
w h i c h . m a y   d i s t u r b  t h e  f low.  The c a v i t y   o s c i l l a t i o n   p r o c e s s  seems 
t o   c a u s e   m o n o p o l e   r a d i a t i o n ,  a t  l ea s t  a t  low  speeds.  

Cavity  Leading Edge Noise 

A s  t h e  tu rbu len t   boundary  l a y e r  f low passes o v e r   t h e   c a v i t y  
l e a d i n g   e d g e s ,  i t  e x p e r i e n c e s  a sudden  change i n   s u r f a c e   i m p e d a n c e  
a n d   s u b s t a n t i a l   s o u n d  i s  r ad ia t ed .  T h i s  sou rce   behaves  as a 
spanwise  array o f   i n c o h e r e n t   a c o u s t i c   d i p o l e s ,  whose d i r e c t i v i t y  
i s  mod i f i ed  by t h e  b a f f l i n g   e f f e c t   o f  t h e  edge .  

Cavity  Trai l ing Edge Noise 

Whether o r   n o t  t h e  c a v i t y   o s c i l l a t e s ,  t h e  c a v i t y   t r a i l i n g  
edge i s  s u b j e c t e d  to a n   u n s t e a d y   i n f l o w   d u e   t o  i t s  i n t e r a c t i o n  
w i t h  t h e   t u r b u l e n t  shear l a y e r  o v e r  t h e  cav i ty   mou th .  The re- 
s u l t i n g   f l u c t u a t i n g   f o r c e s  w i l l  a g a i n   p r o d u c e   d i p o l e - l i k e   a c o u s t i c  
r a d i a t i o n .   T h i s   n o i s e   s o u r c e  w i l l  b e  a f f e c t e d  b y  t h e  p r e s e n c e  
o f   s t r u t s  or p r o t u b e r a n c e s   i n  t h e  c a v i t y  shear l aye r .  



L a n d i n g  Gear Direct  R a d i a t e d  Noise 

The s t r u t s ,  wheels, b r a c e s ,   a n d   d o o r s   o f  t h e  l a n d i n g  gear 
w i l l  radiate  n o i s e   d i r e c t l y   d u e   t o  t h e  f l u c t u a t i n g  l i f t  a n d   d r a g  
f o r c e s   p r o d u c e d  by v o r t e x   s h e d d i n g   f r o m  these  e s s e n t i a l l y   b l u f f  
bodies .  The c h a r a c t e r i s t i c s   o f  t h e  s h e d d i n g  may be  a f f e c t e d  by 
t h e  m u t u a l   i n t e r a c t i o n   b e t w e e n   b o d i e s  and by t h e  p r e s e n c e   o f  t h e  
c a v i t y  shear l a y e r .  

C a v i t y   a n d   G e a r  Wake I n t e r a c t i o n s  w i t h  t h e  
Wing T r a i l i n g   E d g e   a n d   F l a p s  

The  t u r b u l e n t  wakes b e h i n d   t h e   l a n d i n g  gear c a v i t i e s   a n d  
s t r u t s  may induce   uns t eady   l oads   on  t h e  w i n g   t r a i l i n g  edge and 
t h e  f l a p  sys tem.  These l o a d s  a re  produced by d i r e c t   t u r b u l e n c e  
impingement  and  by t h e  e f f e c t   o f   t u r b u l e n t   f l o w   o v e r  edges.  The 
r e s u l t i n g   i m p i n g e m e n t   n o i s e   a n d  edge n o i s e  w i l l  depend  on t h e  
t u r b u l e n c e   s p e c t r u m   o f  t h e  wakes and  on t h e  i n t e r a c t i o n   g e o m e t r y  

L a n d i n g   G e a r   W a k e / L a n d i n g   G e a r   I n t e r a c t i o n s  

On some l a n d i n g   g e a r   c o n f i g u r a t i o n s ,  t h e  wakes of  some gear 
components may impinge   on   o ther  gear components  and  produce  un- 
s t e a d y  l o a d s .  T h i s  t y p e   o f   i n t e r a c t i o n   c a n  b e  expec ted   on  t h e  
i n - l i n e   m a i n   s t r u t s   a n d  wheels o f  some l a rge  a i r c r a f t .  The 
impor t ance   o f  t h i s  n o i s e   s o u r c e  w i l l  s t rongly   depend  on  t h e  
p a r t i c u l a r   l a n d i n g  gear  geometry.  

CAVITY DISCRETE PRESSURE OSCILLATIONS 

High speed f l o w   o v e r   c a v i t i e s  or c u t - o u t s   i n  t h e  s t r u c t u r a l  
s u r f a c e s   o f   a i r c r a f t   o f t e n   p r o d u c e s   i n t e n s e   t o n a l   p r e s s u r e   f l u c -  
t u a t i o n s .  A b a s i c   r e c t a n g u l a r   c a v i t y   c o n f i g u r a t i o n  i s  shown i n  
F i g .  8 .  A t y p i c a l   p r e s s u r e   s p e c t r u m   m e a s u r e d   i n   s u c h  a c a v i t y  
i s  shown i n   F i g .  9, where t h r e e  d i s c r e t e  peaks can b e  s e e n .  
S u b s t a n t i a l   r e s e a r c h  has a l r eady  g o n e   i n t o  t h e  s t u d y   o f   c a v i t y  
o s c i l l a t i o n s ,   b u t  most o f  t h e  work has c o n c e n t r a t e d   o n  h i g h  sub- 
s o n i c   a n d   s u p e r s o n i c  Mach numbers. As a r e s u l t ,  l e s s  d e t a i l e d  
i n f o r m a t i o n  i s  a v a i l a b l e   f o r  t h e  low Mach number  subsonic   f low 
c a s e  (e.g.  M < 0 . 3 )  o f  i n t e r e s t   i n   c o n n e c t i o n  w i t h  airframe n o i s e ,  
a l t h o u g h  t h e  u n d e r l y i n g   o s c i l l a t i o n   m e c h a n i s m   s h o u l d  b e  e s sen -  
t i a l l y  t h e  same. A m a j o r i t y  o f  t h e  work has focused   on   s imple  
r ec t angu la r   geomet ry ,   wh ich  i s  sometimes,  b u t  n o t  always, an 
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a p p r o p r i a t e   r e p r e s e n t a t i o n  of l a n d i n g   g e a r   c a v i t y   g e o m e t r y .  The 
r e c e n t  work o f  Hel ler  and Bliss (1974 and 1975) p r o v i d e s   t h e  
basis f o r  much o f  t h e  f o l l o w i n g   d i s c u s s i o n .  

I n   g e n e r a l ,   c a v i t i e s   o s c i l l a t e   d u e  to a c o u p l i n g   b e t w e e n   i n -  
t e r n a l   p r e s s u r e  modes  and t h e  m o t i o n   o f   t h e   s h e a r  l aye r  o v e r   t h e  
c a v i t y   m o u t h .   S h e a r   l a y e r   d e f l e c t i o n s  a t  t h e   c a v i t y  mouth t r a i l i n g  
edge   produce  mass a d d i t i o n   a n d   r e m o v a l  a t  t h i s   p o i n t   i n   t h e   c a v i t y .  
T h i s   p e r i o d i c  mass a d d i t i o n   a n d   r e m o v a l   f o r c e s   t h e   a c o u s t i c  modes 
i n   t h e   c a v i t y ,   w h i c h   f o r c e  t h e  s h e a r   l a y e r   a n d   t h e r e b y   p r o v i d e  
t h e  r e q u i r e d   s h e a r  l a y e r  d e f l e c t i o n  a t  t h e  t r a i l i n g   e d g e .  Ac- 
t u a l l y ,   t h e   i n t e r n a l  modes and t h e  s h e a r   l a y e r   m o t i o n  are  coup led  
and   canno t  b e  c o n s i d e ' r e d   s e p a r a t e l y .   F o r m a l l y ,   t h e   s h e a r  l a y e r  
must b e  t r e a t e d  as a boundary  of  t h e  s y s t e m  s u b j e c t   t o   t h e   a p p r o -  
p r i a t e  mater ia l  s u r f a c e   a n d   p r e s s u r e   b o u n d a r y   c o n d i t i o n s ,   w h i c h  
c o u p l e  t h e  i n t e r n a l  wave m o t i o n   t o   t h e   c o r r e s p o n d i n g  wave p a t t e r n  
i n  t h e  e x t e r n a l   f l o w .  The i m p o r t a n c e   o f   p r o p e r l y   t r e a t i n g  t h e  
s h e a r  l a y e r  c o u p l i n g  i s  i l l u s t r a t e d  b y  t h e   f a c t  t h a t  measured 
m o d a l   f r e q u e n c i e s   i n   o p e n   r e c t a n g u l a r   c a v i t i e s   d i f f e r   s u b s t a n t i a l l y  
from t h e  c o r r e s p o n d i n g  h a r d  box modes. If t h e  mouth area i s  a 
small f r a c t i o n   o f   t h e   t o t a l   c a v i t y   s u r f a c e  area,  t h e n ,   o f   c o u r s e ,  
t h e   e f f e c t   o f  shear  l a y e r  coupl ing  becomes less  i m p o r t a n t ,   a n d  
i t  may be  p o s s i b l e   t o  es t imate  t h e  f r e q u e n c i e s  by s impler   means .  
S h a l l o w   r e c t a n g u l a r   c a v i t i e s ,  L/D > 2 . 0 ,  t e n d  to r e s p o n d   p r i m a r i l y  
i n   l e n g t h w i s e  modes ,   whereas   deep   cav i t ies ,  L/D < 2 . 0 ,  t e n d  to 
r e spond   i n   dep th   modes .  For o t h e r   c a v i t y   c o n f i g u r a t i o n s ,   t h e  
i n t e r n a l  modes may b e  qu i t e   complex ,   bu t  t h e  o s c i l l a t i o n  mechanism 
j u s t   d e s c r i b e d  s t i l l  a p p l i e s .  

T h e   s h e d d i n g   o f   d i s c r e t e   v o r t i c e s   f r o m  t h e  c a v i t y   l e a d i n g  
edge, and   t he i r   subsequen t   imp ingemen t  on t h e  t r a i l i n g   e d g e ,  has 
s o m e t i m e s   b e e n   c o n s i d e r e d   e s s e n t i a l   t o   t h e   c a v i t y   o s c i l l a t i o n  
p r o c e s s .   D i s c r e t e   v o r t i c e s   h a v e   o f t e n   b e e n   o b s e r v e d   e x p e r i -  
m e n t a l l y   i n  t h e  s u b s o n i c   f l o w   c a s e .  V e r y  l i k e l y ,  t h e  r o l l i n g  up 
of  t h e  s h e a r   l a y e r   i n t o   v o r t i c e s  i s  a m a n i f e s t a t i o n   o f  t h e  f o r c i n g  
due  to t h e   c a v i t y   i n t e r n a l   p r e s s u r e   m o d e s .   I n   f a c t ,  t h i s  non- 
l i n e a r   b e h a v i o r  may p r o v i d e   a n   i m p o r t a n t   a m p l i t u d e   l i m i t i n g  mecha- 
nism for t h e   o s c i l l a t i o n   p r o c e s s .  

S i n c e   s i m p l e   r e c t a n g u l a r   c a v i t i e s  will be  used as  t h e  bas i s  
f o r  some o f  t h e  n o i s e   p r e d i c t i o n s   i n  t h i s  r e p o r t ,  i t  i s  worth- 
w h i l e  to r e v i e w   t h e   o s c i l l a t i o n   p r o c e s s   f o r  t h i s  c a s e   i n  some 
d e t a i l .  As mentioned,  shear l a y e r   d e f l e c t i o n  leads t o  a p e r i o d i c  
mass add i t ion   and   r emova l  a t  t h e   c a v i t y   t r a i l i n g   e d g e .   I n  a 
s h a . l l o w   c a v i t y ,  t h i s  mass a d d i t i o n   a n d   r e m o v a l   p r o d u c e s   a n   e f f e c t  
t h a t  i s  similar to r e p l a c i n g   t h e   c a v i t y   r e a r   b u l k h e a d  w i t h  a n  
o s c i l l a t i n g   p i s t o n .  (For d e e p e r   c a v i t i e s ,  a monopole  source 
a t  t h e   t r a i l i n g   e d g e  would b e  more a p p r o p r i a t e   t h a n  a p i s t o n . )  
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T h i s   " p s e u d o p i s t o n "  e f f e c t  g e n e r a t e s   f o r w a r d   t r a v e l i n g   w a v e s   i n  
t h e  c a v i t y  t ha t  r e f l e c t  from t h e  f r o n t   b u l k h e a d   t o  become rear- 
ward t r a v e l i n g   w a v e s .   T h e   r e s u l t i n g  wave s t r u c t u r e   i n   t h e  
c a v i t y   f o r c e s   t h e   s h e a r   l a y e r   i n   a n   u n s t e a d y  manner   ove r   t he  
e n t i r e   c a v i t y   l e n g t h .  Th i s  s h e a r   l a y e r   m o t i o n ,   i n   t u r n ,  i s  
r e s p o n s i b l e   f o r   t h e   t r a i l i n g   e d g e  mass a d d i t i o n   a n d   r e m o v a l  t ha t  
o r i g i n a l l y   p r o d u c e d   t h e   c a v i t y   i n t e r n a l  wave s t r u c t u r e ;   t h u s ,  
t h e   f e e d b a c k   l o o p  i s  comple t e .  

F i g u r e  1 0  shows a t y p i c a l   o s c i l l a t i o n   c y c l e  as de r ived   f rom 
water t a b l e  f l o w   v i s u a l i z a t i o n   t e c h n i q u e s . *   I n  ( A )  an   ups t r eam 
t r a v e l i n g  wave r e a c h e s  t he  f r o n t   b u l k h e a d   w h i l e  a downstream  wave 
approaches  t h e  r e a r  b u l k h e a d .   T h e   r e f l e c t e d  wave p roceeds  rear- 
ward i n  ( B )  and ( C ) ,  w h i l e  a new ups t ream wave i s  formed a t  t h e  
rear as t h e  s h e a r  l aye r  d e f l e c t s   b e l o w  t h e  t r a i l i n g   c a v i t y  edge. 
The  waves i n t e r a c t   n e a r   t h e   c a v i t y   c e n t e r  as shown i n  (D) and ( E ) .  
I n  (F), t h e  waves   aga in   approach  t h e  f r o n t   a n d  rear  bu lkheads ,  
a n d   t h e  shear l a y e r  i s  above t h e  t r a i l i n g   e d g e   l e v e l  as mass i s  
e f f e c t i v e l y  removed  from t h e  c a v i t y .   N o t i c e   i n  t h i s  i l l u s t r a t i o n  
t h a t  t h e  u p s t r e a m   t r a v e l i n g  wave radiates  i n t o   t h e   e x t e r n a l   f l o w  
whereas t h e  downstream  wave  does  not.  T h i s  occu r s   because  t h e  
ups t r eam wave produces  a d i s t u r b a n c e   w h i c h  moves s u p e r s o n i c a l l y  
r e l a t i v e   t o  t h e  e x t e r n a l   f l o w ,  w h i l e  t h e  r e l a t i v e   v e l o c i t y   o f  t h e  
downstream  wave i s  s u b s o n i c .  The phase   speeds   o f  t h e  ups t ream 
and  downstream  waves may b e  c o n s i d e r a b l y   d i f f e r e n t   f r o m  t h e  sound 
s p e e d   i n  t h e  c a v i t y   b e c a u s e   o f  t h e  e f f e c t i v e '   c o m p l i a n c e   o f   t h e  
s h e a r  l a y e r .  Fu r the rmore ,  t h e  phase   speeds  a re  a l s o   d i f f e r e n t  
f r o m   e a c h   o t h e r   b e c a u s e   t h e  shear layer  a p p e a r s   s t i f f e r   t o  t h e  
ups t r eam wave t h a n  i t  d o e s   t o  t h e  downstream  wave; t h e  speed   of  
t h e  ups t ream wave i s  t h e r e f o r e   g r e a t e r .  S i m i l a r l y ,  t h e  s p a t i a l  
envelopes   o f  t h e  upstream  and  downstream  waves a r e  d i f f e r e n t .  
T y p i c a l l y ,  t h e  ups t ream wave rad ia tes  and  decays  and t h e  down- 
stream wave draws energy  f rom t h e  e x t e r n a l   f l o w   a n d   a m p l i f i e s .  
If t h e  e n e r g y   a d d i t i o n   o f  t h e  downstream wave exceeds   t he   ene rgy  
loss o f  t h e  ups t ream wave by  an   amoun t   su f f i c i en t   t o   ove rcome  
a l l  o t h e r   s o u r c e s   o f   e n e r g y  loss i n  t h e  s y s t e m ,  t h e n  t h e  o s c i l l a -  b 

t i o n   p r o c e s s  w i l l  s u s t a i n  i t s e l f .  The a c t u a l   a m p l i t u d e   o f  
o s c i l l a t i o n  i s  c o n t r o l l e d  by t h e  l e v e l   o f   d a m p i n g   i n  t h e  s y s t e m  
and by t h e  e f f e c t   o f   n o n l i n e a r i t y ,   w h i c h   u l t i m a t e l y  limits t h e  
r a t e  of   energy  removal   f rom t h e  e x t e r n a l   f l o w .  I t  i s  p r e c i s e l y  
t h e  b e h a v i o r   o f  t h e  c a v i t y  as a v e r y   c o m p l e x   o s c i l l a t o r  whose 
a m p l i t u d e  i s  c o n t r o l l e d  by  many f a c t o r s  t ha t  makes even t h e  semi- 
e m p i r i c a l   p r e d i c t i o n   o f   o s c i l l a t i o n   a m p l i t u d e s   d i f f i c u l t .  

The combina t ion   of  t h e  upstream  and  downstream  waves i n  t h e  
c a v i t y   p r o d u c e s  a s t a n d i n g  wave p a t t e r n  whose  peak  pressure 
a m p l i t u d e s   i n c r e a s e   t o w a r d  t h e  t r a i l i n g   e d g e .   T y p i c a l   e x p e r i -  
m e n t a l  mode s h a p e s  a re  shown i n   F i g .  11. A p r e s s u r e   a m p l i t u d e  

*Although s t r i c t l y  s p e a k i n g ,  t h e  water t ab le  s i m u l a t i o n   a p p l i e s   t o  
Mach number  f lows, t h e  p r o c e s s e s   i l l u s t r a t e d  are  b e l i e v e d   t o  be 
e s s e n t i a l l y  t h e  same f o r   l o w  Mach number  flow. 
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FIG. 10. T Y P I C A L   O S C I L L A T I O N   C Y C L E .  
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maximum a l w a y s   o c c u r s  a t  t h e  f r o n t   b u l k h e a d ,   b u t   o f t e n  t h e  c o r -  
r e s p o n d i n g  maximum a t  t h e  rear  d o e s   n o t   o c c u r   e x a c t l y  a t  t h e  wall .  
T h i s  d i s p l a c e m e n t   o f  t h e  rearward maximum i s  a m a n i f e s t a t i o n  of 
t h e  p i s t o n - l i k e   e f f e c t   o f   p e r i o d i c  mass a d d i t i o n   a n d   r e m o v a l  a t  
t h e  t r a i l i n g   e d g e .  

If t h e  o s c i l l a t i o n   f r e q u e n c i e s  a r e  r e - e x p r e s s e d  as a S t r o u h a l  
number based on f r e e  stream s p e e d   a n d   c a v i t y   l e n g t h ,   a n d   t h e n  
p l o t t e d   a g a i n s t  Mach n u m b e r ,   t h e y   o r d e r   t h e m s e l v e s   a l o n g   c e r t a i n  
l i n e s  t h a t  can  b e  a s s o c i a t e d  w i t h  r e s o n a n t  modes as shown i n   F i g .  
1 2 .  The s o l i d   l i n e s   c o r r e s p o n d   t o  t h e  s e m i - e m p i r i c a l   e q u a t i o n  

P T  

mu m-a s = - -  
m '00 [M/dl+P M 2 ]  + l / k v  

where m i s  t h e  mode number ( e q u a l   t o  1, 2 ,  3 , . . . ) ,  y = 1 . 4  i s  t h e  
r a t i o   o f   s p e c i f i c  hea t s .  The q u a n t i t i e s  a and kv a re  e m p i r i c a l  
c o n s t a n t s ;  t h e  c h o i c e   o f  a = 0 . 2 5  and kv = 0.57 i s  i n  good  agree-  
ment w i t h  t h e  e x p e r i m e n t a l  da ta .  A s emi -empi r i ca l   f r equency  
fo rmula  similar to t h e  above was f i r s t  g i v e n  by  R o s s i t e r  ( 1 9 6 6 ) .  
The p r e s e n t   f o r m ,   p r e s e n t e d  by  He l l e r  et aZ. (1970), c o r r e c t s   f o r  
t h e  h i g h e r   s o u n d   s p e e d   i n  t h e  c a v i t y ,   w h i c h   n e a r l y   e q u a l s  t h e  f r ee -  
stream s t a g n a t i o n   s o u n d   s p e e d .   U n f o r t u n a t e l y ,  E q .  (1) agrees 
l e a s t  wel l  w i t h  t h e  data a t  low Mach number.   Furthermore,  t h e  
da t a  b e g i n s   t o  show  some l e n g t h - t o - d e p t h   r a t i o ,  L/D, dependence 
a t  low Mach number as ev idenced  b y  t h e  s y s t e m a t i c   s p r e a d i n g   f o r  
e a c h  mode number. T h i s  dependence i s  n o t   a c c o u n t e d   f o r  b y  E q .  
(1). N e v e r t h e l e s s ,  E q .  (1) w i l l  p r o v i d e  a s a t i s f a c t o r y   r o u g h  
e s t i m a t e  o f  f r e q u e n c y   i n   t h e   l o w  Mach number r a n g e  as l o n g  as t h e  
c a v i t y   r e m a i n s   s h a l l o w .  It can,  however, be  s e r i o u s l y   i n   e r r o r  
for d e e p   c a v i t i e s .  

F i g u r e s  13 and 1 4  i l l u s t r a t e   c a v i t y  pressure  l e v e l s  a t  t he  
f r o n t   a n d   r e a r   b u l k h e a d s ,   r e s p e c t i v e l y ,  as a f u n c t i o n   o f  mode 
number,   length- to-depth r a t i o ,  and Mach number .   D i f f e ren t  modes 
a r e  s e e n   t o   d o m i n a t e   d e p e n d i n g   o n  t h e  p a r t i c u l a r   c o n d i t i o n s .  For 
t h e  c a s e s  where t h e r e  i s  a d e q u a t e  data ,  t h e  l e v e l s  a re  s e e n   t o  
d r o p   v e r y   d r a m a t i c a l l y  a t  low Mach number.   Experiments show 
tha t  t h e r e  i s  u s u a l l y  a Mach number  below  which a g i v e n   c a v i t y  
will n o t   e x h i b i t   d i s c r e t e   o s c i l l a t i o n s ,  i . e .  , a n   i n i t i a l   o n s e t  
speed.  A i r c r a f t   l a n d i n g  gear c a v i t i e s  may wel l  f a l l  i n  t h e  
v i c i n i t y  o f  i n i t i a l   o n s e t .  The data d o e s   c l e a r l y   i l l u s t r a t e  
t ha t  no simple r e l a t i o n   b e t w e e n   l e v e l   a n d  speed i s  ev iden t .   Aga in ,  
t h i s  c o m p l i c a t i o n  a r i ses  b e c a u s e   t h e   c a v i t y   b e h a v e s  as a n   o s c i l -  
l a t o r  whose  ampli tude i s  c o n t r o l l e d  b y  complex   processes .  
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The e x t e r n a l   r a d i a t i o n   p a t t e r n   f o r  h i g h  speed s u b s o n i c   f l o w  
i s  shown i n   F i g .  15 .  T h i s  s k e t c h  i s  c o n s i s t e n t  w i t h  b o t h  t h e  
o s c i l l a t i o n   p r o c e s s   d e s c r i b e d   p r e v i o u s l y   a n d  t h e  f l o w   v i s u a l i z a -  
t i o n   p h o t o g r a p h s   a v a i l a b l e   i n  t h e  l i t e r a t u r e .   D i r e c t i v i t y   m e a s u r e -  
ments   t aken   on  a small s c a l e   c a v i t y   m o d e l   i n  a wall j e t  f a c i l i t y  
s u g g e s t  t h a t  a t  very  low Mach numbers t h e  r a d i a t i o n   p a t t e r n  i s  
n o t  as d i r e c t i o n a l  as i n d i c a t e d   a n d  i s ,  f o r  a l l  p r a c t i c a l   p u r p o s e s ,  
t h a t  o f  a s imple  monopole (He l l e r ,  1 9 7 4 ) .  It c a n  be concluded  
t ha t  t h e  d i r e c t i o n a l   s t r u c t u r e   i n d i c a t e d   i n   F i g .  1 5  becomes less 
pronounced w i t h  d e c r e a s i n g  Mach number. T h i s  t r e n d  i s  s u p p o r t e d  
by t h e  photographs   o f   Karamachet i  ( 1 9 5 5 ) .  The s t r e n g t h   o f  t h e  
m o n o p o l e   r a d i a t i o n  w i l l  b e  d i r e c t l y  r e l a t e d  t o  t h e  t r a i l i n g  edge 
mass a d d i t i o n   a n d   r e m o v a l   p r o c e s s .  

Assuming a c a v i t y  r ad ia t e s  as a s imple monopole,* 

where r i s  t h e  d i s t a n c e   f r o m  t h e  s o u r c e   a n d  Q i s  t h e  a m p l i t u d e   o f  
t h e  uns t eady  mass f low.   Because  Q must b e  d i r e c t l y   r e l a t e d   t o  e 

t h e  uns t eady  mass a d d i t i o n   a n d   r e m o v a l   p r o c e s s  a t  t h e  c a v i t y  
t r a i l i n g   e d g e ,  we can  w r i t e  

where Um/2 is t h e  a v e r a g e   v e l o c i t y   i n  t h e  shear l a y e r ,  W i s  t h e  
c a v i t y  w i d t h ,  q i s  t h e  shear l a y e r  p e r t u r b a t i o n   a m p l i t u d e  a t  t h e  
t r a i l i n g   e d g e ,   a n d  f3 i s  a c o r r e c t i o n   f a c t o r   d i s c u s s e d   b e l o w .  The  
shear l a y e r  a m p l i t u d e   c a n  b e  nond imens iona l i zed  by  t h e  c a v i t y  
l e n g t h :  

where q i s  t h e  dynamic   p re s su re   and  S i s  t h e  S t rouha l   number ,  
g i v e n   a p p r o x i m a t e l y  by E q .  (1) as a f u n c t i o n  of  mode number  and 
Mach number. The c o r r e s p o n d i n g   t o t a l   p o w e r  i s  g i v e n  b y  

*Due t o  t h e  f a i r l y  low f r e q u e n c i e s  w i t h  c o r r e s p o n d i n g l y   l o n g  wave- 
l e n g t h s ,   a n d  t h e  a c t u a l   l o c a t i o n s   o f   c a v i t i e s  on t h e  a i r c r a f t ,  we 
h a v e   c h o s e n   t o   n e g l e c t   a n y   e f f e c t   o f  t h e  a i r c r a f t  as a n   a c o u s t i c  
b a f f l e .  
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The nondimensional shear layer amplitude, n ,  may  depend on h 

a number of parameters, but primarily 

The dependence on fD/a, contains information on the ratio of 
wavelength t o  depth. Dependence on M y  L/D,  and  fD/ac is indicated 
by the analytical work of Heller and Bliss (1974). The'ratio of 
upstream  boundary layer thickness to cavity length, 6/L, is an 
important parameter for the shear layer thickness. The  other  non- 
dimensional term in Eq. (5) is the f l o w  rate correction factor, 
13. This  factor  accounts  for  the nonuniform shear layer velocity 
profile, amplitude  variations across the cavity width, and other 
effects  associated  specifically  with the fluid mechanical details 
of  the  mass addition and removal process. The most  important 
functional dependences are expected to be 

Notice, inAparticular, that B may depend  on  the nondimensional 
amplitude 0 .  In spite of this complexity, we can expect B to  be 
of order  unity, the the other terms in Eq. (3) s h o u l d  constitute 
a proper order-of-magnitude estimats for Q. It is now  apparent 
that the  complicated dependence of Q limits the  usefulness of 
E q .  ( 5 ) .  

A rough  estimate of levels can be  made assuming the shear 
layer  displacement  cannot  greatly  exceed  its half thickness. 
Then, f o r  a turbulent shear layer, let 

A 

rl = 0.1 

and  assume  that B = 1.0. Because we  are  interested in the low 
Mach number limit, Eq. (1) is approximately 

2 6  



Then, E q .  ( 4 . 5 )  becomes 

which w i l l  u s u a l l y  be a h i g h  estimate,  and  which i s  a p p l i c a b l e  
on ly  for low Mach number .   The   d i rec t   dependence   on  mode number 
i s  a r e s u l t  of the  approx ima t ions  made and  must   not  be t a k e n   t o o  
s e r i o u s l y .   C l e a r l y ,  i t  s h o u l d   n o t  be u s e d   f o r   h i g h  mode numbers 
( e . g . ,  m > 4 ) .  

When some e x p e r i m e n t a l  data i s  a v a i l a b l e ,  t h e  dependence of 
( G B )  i n  E q .  ( 5 )  c a n  b e  es t imated.  The  dependences  on M and L/D 
are  p r o b a b l y   s t r o n g e s t .   T h e r e f o r e ,  

where k i  and k2 are  cons tan ts   which   depend  on  L/D. The approx i -  
ma t ion   o f   Eq .   (8 )  i s  u s e f u l  when  some data i s  a v a i l a b l e  a t  two 
Mach numbers t h a t  a r e   n o t   t o o   w i d e l y   s e p a r a t e d .  I t  i s  then   pos -  
s i b l e   t o   s o l v e  for k ,  and k2 a n d   u s e   E q s .   ( 8 )   a n d   ( 5 )   t o   p r e d i c t  
t h e  r a d i a t i o n   f r o m   o t h e r   c a v i t i e s   a s s u m e d  s imilar  t o  these  f o r  
which da ta  i s  a v a i l a b l e .  T h i s  i s  t h e   a p p r o a c h   u s e d   t o   p r e d i c t  
d i s c r e t e   t o n e   n o i s e   f r o m   l a n d i n g   g e a r   c a v i t i e s .   S u b s t i t u t i n g  
E q .  ( 8 )   i n t o  Eq. ( 5 )  g i v e s  

The c o r r e s p o n d i n g   t o t a l  power l e v e l  i s  

The  c a v i t y   t o n e   f r e q u e n c i e s   a n d   l e v e l s   f o r   t h e   B o e i n g  7 2 7  
a i r c r a f t  w i l l  no t   be  es t imated.  Tab le  1 summarizes data o b t a i n e d  
b y  Hel le r  (1974) ,   which  i s  u s e f u l   f o r  t h e  e s t i m a t i o n   p r o c e d u r e .  
I n   a d d i t i o n ,   F i g s .  1 2 ,  13,   and 1 4  w i l l  be used  as r e q u i r e d .  Table 
2 summarizes t h e  c a v i t y   g e o m e t r y   f o r  t h e  ma in   l oad ing   gea r   fu se -  
l a g e   a n d   w i n g   c a v i t i e s   a n d  t h e  n o s e   g e a r   c a v i t y .  The a i r c r a f t  
approach   speed  i s  assumed t o  be 73  m/sec ( 2 4 0  f t / s e c ) ,  w i t h  
M = . 2 1 5  and q = 3280 N / m 2  ( 6 8 . 5  l b / f t 2 ) .  SPL i s  r e f e r r e d   t o  
20 v N / m 2  and PWL i s  r e f e r r e d  to 10-l2 watts.  SPL i s  de termined  a t  
1 5 2 . 4  m (500 f t )  below  and 1 5 2 . 4  m ( 5 0 0  f t )   t o  t h e  s i d e  of t h e  
a i r c r a f t  ( r  = 1 5 2 . 4  x J2 m )  a s suming   monopo le   d i r ec t iv i ty .  



T A B L E  1. SUMMARY O F  E X P E R I M E N T A L   D A T A  

( T U R B U L E N T   B O U N D A R Y   L A Y E R )  

Urn m/sec 
R u n  No. M ( f t / s e c )  L/D 

10 

.251 85.3 (280) 1.4 15 

.251 85.3 (280) 1.6 14 

.251 85.3 (280) 2.0 13 

.125 42.7 (140) 1.6 12 

.125 42.7 (140) 1.4 11 

.125 42.7 (140) 1.0 

1.0 85.3 (280) .251 
85.3 (280) .251 

" 

q . N / m 2  
( 1  b / f t 2 )  

1116 (23.3) 
1116 (23.3) 
1116 (23.3) 
4462 (93.2) 
4462 (93.2) 
4462 (93.2) 
4462 (93.2) 
4452 (93.2) 

f ,Hz 

1200 
1000 

- 
1050 
1150 
1000 
1000 
1250 
2000 

S=fL/U,* 

99 2.08 
98 1.79 

No. 1 ,  dB? 
L e v e l ,   M i c .  

2.50 

1.04 
120 1.19 
109 1.71 
96 

106 2.98 

106 0.93 

126 

L e v e l ,  M i c .  
No.  4 ,  d B * *  

81 
84 
81 
95 ' 

106 
108 
90 
88 

Note:  W = 2.54 cm f o r  a l l  c a s e s .  D = 6.35 cm e x c e p t   f o r  Run No. 17 where D = 3.18 cm. 

*Dominant  mode. 
?Microphone 1 was l o c a t e d   i n   t h e   c a v i t y   f r o n t   b u l k h e a d .  

**Microphone 4 was l o c a t e d  86.4 c n  d i r e c t l y  above t h e  c a v i t y   m o u t h .  
+Using   measured  S .  

d 

P r e d .  Eq. (7)+ 

97.2 
98.5 
100.1 
108.8 
105.7 
104.5 
103 .5 ,  
111.4 



TABLE 2 .  CAVITY GEOMETRY FOR THE  BOEING 727 AIRCRAFT 

L,m ( f t )  D,m (f t)  

Main  Gear  Fuselage  Cavity 

Fuselage  door  open 

1.74  (5 .7)   1 .28 ( 4 . 2 )  Fuselage  door  closed 
1.68   (5 .5)  2.04 ( 6 . 7 )  

Main Gear Wing  Cavity 

Innermost 

0.61 ( 2 . 0 )  1 .16   (3 .8)  Average 

0.61 ( 2 . 0 )  0.88  (2.9) Outermost 
0.61 ( 2 . 0 )  1 . 4 3   ( 4 . 7 )  

Nose  Gear  Cavity 

All doors  open 

0.85   (2 .8)   1 .31   (4 .3)  Main doors closed 
0.85  (2 .8)  2 .68  (8 .8)  

- 
1.01  (3 .3 )   1 .9  0.89 ( 31.3) 1.16 (12.5) -t 

1.07  (3 .5)  3.2  2.41 ( 85.0) 2.86  (30.8) 
1.01 (3 .3 )  - 2.41 ( 85.0) 1.32 (14.2)  

*Includes  opening  into  wing  cavity;  values of L and W are  averages. 
'Excludes  portion  occupied  by  main  gear  strut. 



M a i n   G e a r   F u s e l a g e   C a v i t y  

When t h e   d o o r s  are o p e n ,   t h e   m a i n   f u s e l a g e   c a v i t y   h a s   a n  
L/D = 1.2. By a p p r o x i m a t i n g   t h i s  as L/D = 1.0, r u n s  1 0  and 1 6  
can  be u s e d   i n  Eq. ( 9 )  to f i n d  k ,  = 0.0388  and k2 = 0 . 4 4 2 .  
Because t h i s  i s  a d e e p   c a v i t y ,   t h e   f r e q u e n c y  i s  n e a r l y   i n d e p e n d e n t  
of   speed,  s o  the   S t rouha l   number   behaves  as t h e   i n v e r s e   s p e e d ;  
i n t e r p o l a t i n g ,  w e  f i n d  S = 1 . 0 5  a t  Urn = 73.2   m/sec   (240   f t / sec) .  
From Eqs.. ( 1 0 )  and ( 9 ) :  

For comparison,  Eq. (7) p r e d i c t s  SPL = 94  d B ,  u s i n g  S = 1 . 0 5 .  

Main  Gear  W i n g  C a v i t y  

The a v e r a g e  L/D i s  1 . 9 ,  b u t  we assume 1 . 6  t o   u s e   t h e  da ta  of 
Tab le  1. Using   runs  1 2  and 14 w i t h  Eq. ( 9 )  g i v e s  k l  = 9 . 1  and 
k ,  = 3 . 2 3 .   I n t e r p o l a t i n g   t h e  data o f  T a b l e  1 g i v e s  S = 1 . 6 5 .  
From Eqs.  (10) and (9): 

PWL = 138 d B  , SPL = 83 d B  , f = 1 0 4  Hz. 

For comparison,  Eq. (7) p r e d i c t s  SPL = 93 d B .  

N o s e   G e a r   C a v i t y  

When a l l  t h e   d o o r s  a re  o p e n ,   t h e   n o s e   g e a r   c a v i t y  has an  
L/D = 3 . 2 .  From t h e  da t a  f o r  L/D = 3 . 3   i n   F i g .  1 2 ,  we have  
S = 1.05 f o r  Mode 2 and S = 1 . 5  f o r  Mode 3 .   S i n c e  T a b l e  1 has 
no e x t e r n a l   r a d i a t i o n   l e v e l s  for t h i s   c a s e  i t  i s  n e c e s s a r y   t o  
i m p r o v i s e .   U s i n g   F i g .   1 3   w i t h  L/D = 4 . 0 ,  t h e  l e v e l  a t  t h e   c a v i t y  
l ead ing   edge   bu lkhead  i s  approx ima te ly  

20  l o g  - = -53 d B  f o r  Mode 2 P 
9 

20 l o g  - = -47  dB f o r  Mode 3 P 
9 

Observe  from T a b l e  1 t h a t  t h e r e  was about  a 1 5  d B  a v e r a g e  d i f -  
f e r e n c e   b e t w e e n   t h e   l e v e l s  a t  microphones 1 and 4. Using t h e  
a b o v e ,   t h e   e q u i v a l e n t   l e v e l s  a t  microphone 4 can b e  estimated as 
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96 d B  f o r  Mode 2 and 1 0 2  d B  for Mode 3A Then,   using  Eq.  ( 5 ) ,  
c a l c u l a t e  6: = 0.038 f o r  Mode 2, and Bn = 0 . 1 1 8  f o r  Mode 3 .  
Apply ing  E q s .  ( 5 )  and ( 6 )  t o  t he  a c t u a l  c a s e   g i v e s  

Mode 2 :  PWL = 1 4 1  d B  , SPL = 77 d B  , f = 29 H z  

Mode 3: PWL = 153 d B  , SPL = 90 d B  , f = 4 1  H Z .  

F o r  compar i son ,   Eq .   (7 )   p red lc t s  77 d B  f o r  Mode 2 ,  8 1  dB f o r  
Mode 3 ,  and  84 d B  f o r  Mode 4 .  U s i n g   t h e  data o f  Table  1 d l -  
r e c t l y  (assuming L/D = 4 . 0 )   g i v e s   a n  estimate of SPL = 7 0  d B  and 
f = 8 1  H z ,  w h i c h   c o r r e s p o n d s   t o  Mode 4 .  

C l e a r l y ,  the  above estimates are very  approximate  and some- 
what a r b i t r a r y .  Equa t ion  ( 7 )  c a n   p r o v i d e  a s i m p l e  f i r s t  e s t i -  
mate w i t h  t h e  u n d e r s t a n d i n g  t h a t  t h e  a c t u a l   a n s w e r  may be as much 
as 20  d B  lower .  The las t  column  of T a b l e  1 s u g g e s t s  t h a t  Eq. 
( 7 )  i s  m o s t   a c c u r a t e  when t h e  c a v i t y   o s c i l l a t e s   i n t e n s e l y .  
Beyond t h i s ,  t h e  a b o v e   i l l u s t r a t e s  t h a t  o b t a i n i n g  more a c c u r a t e  
estimates i s  d i r e c t l y  r e l a t ed  t o   t h e   a v a i l a b i l i t y  of r e l e v a n t  
e x p e r i m e n t a l  data .  A l l  t h e  d i f f e r e n t  modes t h a t  might   occur  
were n o t  es t imated .  The   expe r imen ta l   ev idence   sugges t s  t ha t  
Modes 2 ,  3,  and 4 are  most commonly observed  a t  dominan t   l eve l s  
i n  t h i s  Mach number  range.  The f i r s t  t w o   c a l c u l a t i o n s   i l l u s t r a t e  
t h e  p o i n t   t h a t   c a r e   m u s t  b e  t a k e n   t o  estimate t h e  p r o p e r   S t r o u h a l  
number  when t h e  c a v i t y  i s  n o   l o n g e r   s h a l l o w ,   e . g . ,  L/D < 2 .  A s  t h e  
d e p t h   s c a l e   b e c o m e s   i m p o r t a n t ,  t h e  S t r o u h a l   n u m b e r s   c a n   b e g i n   t o  
d i f f e r  f r o m   t h o s e  o f  F i g .  1 2 .  Dec reas ing  Mach number seems t o  
a c c e n t u a t e   t h i s   d i f f e r e n c e .  

The d i s c u s s i o n   a n d  es t imates  s o  f a r  have   a s sumed   c l ean   r ec -  
t a n g u l a r   c a v i t i e s .  I n  f a c t ,  t h e  l a n d i n g   g e a r   c a v i t i e s   o n  r e a l  
a i r c r a f t  a re  n o t  a l w a y s  s i m p l y   r e c t a n g u l a r   a n d  a re  u s u a l l y   c l u t -  
t e r e d  w i t h  s t r u t s ,   b r a c e s ,   a n d   d o o r s .  The w i n g   c a v i t i e s   o f t e n  
have a s u b s t a n t i a l   l e a d i n g   e d g e   o v e r h a n g   a n d   n o n c o n s t a n t   l e n g t h .  
A t  one   end ,  t h e  w i n g   c a v i t y   o p e n s   i n t o  a l a r g e   f u s e l a g e   v o l u m e ,  
and a t  t h e   o t h e r   e n d  it i s  d i s t u r b e d  by  t h e  ma in   l and ing   gea r  
s h a f t .  The s t a t e  o f  t h e  ups t ream  f low may b e  u n c e r t a i n   b e c a u s e  
l e a d i n g   e d g e   d e v i c e s  a r e  o f t e n   d e p l o y e d  when t h e   c a v i t y  i s  open. 
As mentioned e a r l i e r ,  d u r i n g   p a r t   o f  t h e  s h o r t  t ime tha t  t he  main 
doors   on  t h e  f u s e l a g e   a n d   n o s e  a r e  open, t h e  gear i s  i n   t h e   p r o -  
ces s   o f   be ing   dep loyed ,   and  t h e  f l o w   o v e r  t h e  cav i ty   mou th  i s  
s e r i o u s l y   i n t e r r u p t e d .  

A l l  o f  t h e  a b o v e   f a c t o r s   c a n  be e x p e c t e d  t o  r educe  t h e  l e v e l  
of o s c i l l a t i o n s   a n d ,   i n  some c a s e s ,   s u p p r e s s   t h e m   e n t i r e l y .  R e -  
c e n t l y ,  Heller and B l i s s  ( 1 9 7 4 )  s t u d i e d  a number   o f   poss ib le  



o s c i l l a t i o n   s u p p r e s s i o n   d e v i c e s .  Much o f  t h i s  r e sea rch   concen-  
t ra ted  o n   t h e   h i g h   s u b s o n i c   a n d   s u p e r s o n i c  Mach number  range,  
w h e r e   c a v i t y   o s c i l l a t i o n s  a r e  p a r t i c u l a r l y   i n t e n s e .  One  way found 
t o   r e d u c e   t h e   o s c i l l a t i o n   l e v e l s  was t o   d i s t u r b  t h e  ups t r eam  f low 
a n d   c a v i t y   s h e a r   l a y e r   w i t h   s p o i l e r s  or v o r t e x   g e n e r a t o r s .   T h e s e  
r e s u l t s   s u g g e s t   t h a t   a n y   d i s t u r b a n c e s   t o   t h e   f l o w   o v e r   t h e   c a v i t y  
mouth may l e a d   t o  a s u b s t a n t i a l   r e d u c t i o n   i n   o s c i l l a t i o n   l e v e l s .  
Very l i t t l e  i s  known a b o u t   t h e   e f f e c t   o f   v e n t i n g   a n   o p e n   r e c t a n g u -  
l a r  c a v i t y   t o  a large i n t e r n a l  volume l i k e   t h e   t y p i c a l   w i n g  
c a v i t y   c o n f i g u r a t i o n .  A t  t h e   v e r y  l e a s t ,  t h e  m o d a l   p a t t e r n   i n  
t he  o p e n   c a v i t y  w i l l  b e  a l t e r e d  and a r e d u c t i o n   i n   o s c i l l a t i o n s  
a s s o c i a t e d   d i r e c t l y   w i t h   t h e   o p e n   c a v i t y   c a n  be e x p e c t e d .  One 
e f f e c t   o f   t h e   f r o n t   o v e r h a n g   o n   w i n g   c a v i t i e s  w i l l  be to a l t e r  
t h e   o s c i l l a t i o n   f r e q u e . n c y .   S i n c e  wave s p e e d s  w i l l  b e  h i g h e r  
under  t h e  (noncompl i an t )   ove rhang ,  a f r e q u e n c y   i n c r e a s e  i s  e x p e c t e d .  
The e f f e c t  o f  a f r o n t   o v e r h a n g   o n   l e v e l s  i s  unknown; expe r imen t s  
have shown t h a t  a rear o v e r h a n g   o f t e n   i n c r e a s e s   l e v e l s .  

I n  summary, t h e  estimates show t h a t  o p e n   r e c t a n g u l a r   c a v i t i e s  
can  be a s i g n i f i c a n t  airframe n o i s e   s o u r c e ,   b u t   o n l y  i f  r e a l i s t i c  
l a n d i n g   g e a r   c a v i t i e s   a c t u a l l y   d o   o s c i l l a t e .   D u r i n g   a p p r o a c h ,  
once t h e  ma in   door s   have   r ec losed ,  t h e  l a r g e   f u s e l a g e   a n d   n o s e  
c a v i t i e s  become e s s e n t i a l l y   v e n t e d   e n c l o s u r e s ,   r a t h e r   t h a n   o p e n  
r e c t a n g u l a r   c a v i t i e s .   T h e   f l o w   o v e r  t h e  openings  w i l l  b e   d i s -  
t u r b e d  by t h e   g e a r   s t r u t s   a n d   b r a c e s .  The o p e n i n g   o f   t h e   n o s e  
g e a r   c a v i t y  i s  p a r t i c u l a r l y   c l u t t e r e d .   T h e r e  i s  p r e s e n t l y  no 
r e l i a b l e  way t o  es t imate  t h e   o s c i l l a t i o n   l e v e l s   f o r   t h e s e   e n -  
c l o s u r e s .  However, o s c i l l a t i o n   f r e q u e n c i e s  w i l l  be approx ima te ly  
g i v e n  by  t h e  He lmho l t z   r e sona to r   f r equency   and  by t h e  h a r d  modes. 
These f r e q u e n c i e s   h a v e   b e e n   e s t i m a t e d   f o r   t h e   B o e i n g  7 2 7  and are 
p r e s e n t e d   i n  T a b l e  3 .  I t  i s  n o t   p r e s e n t l y  known whether  these  
v e n t e d   e n c l o s u r e s   c a n  b e  a s i g n i f i c a n t   s o u r c e   o f  airframe n o i s e .  

C A V I T Y   L E A D I N G   E D G E   N O I S E  

When a t u r b u l e n t   b o u n d a r y  l a y e r  e n c o u n t e r s   a n   a b r u p t   c h a n g e  
i n   s u r f a c e   i m p e d a n c e ,   s u c h  as a n   e d g e ,   s u b s t a n t i a l   s o u n d  i s  
r ad ia t ed .  T h i s   s i t u a t i o n   o c c u r s  when t h e   t u r b u l e n t   b o u n d a r y  
l a y e r  p a s s e s   o v e r   t h e   l a n d i n g   g e a r   c a v i t y   l e a d i n g   e d g e s .  The 
p r o c e s s   c a n  b e  modeled as a spanwise array o f   i n c o h e r e n t   d i p o l e s  
whose f o r c e   s t r e n g t h  i s  r e l a t e d  t o   t h e   f l u c t u a t i n g   p r e s s u r e  a t  
t h e  s u r f a c e   a n d   t h e   c o r r e l a t i o n   a r e a   o f   t h e   l o c a l   d i s t u r b a n c e .  
The d i r e c t i v i t y   o f   t h e s e   e d g e   s o u r c e s  d i f f e r s  from t h e  c l a s s i c a l  
d i p o l e  by  v i r t u e   o f   t h e   p r e s e n c e   o f  a b a f f l i n g   s u r f a c e  whose 
d imens ions  a re  many c h a r a c t e r i s t i c   w a v e l e n g t h s   o f   t h e   e d g e -  
genera ted   sound.  The i n t e n s i t y  o f  t h i s   s i m p l e   m o d i f i e d   d i p o l e  
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T A B L E  3 .  VENTED ENCLOSURE FREQUENCIES FOR BOEING 727 
LANDING GEAR CAVIT IES 

- . I . ~  ~ . ~ . 

Cav i ty  
- . . - ~- ~ ~ ~ .~ . .. . - ~ - .- .- . -. 

Main Gear Fuselage Cavity 
( fuse lage   doors  closed) 

Nose Gear Cavity 
(forward  doors  closed.)  

Mode 

Helmholtz.  Resonator 

F i r s t   L e n g t h  Mode 

First,  Depth  and 
Width Mode 

Helmholtz  Resonator 

F i r s t   L e n g t h  Mode 

F i r s t  Depth Mode 

F i r s t  Width Mode 
~ " " " - .. 

Frequency (Hz) 

30 

84 

102 

41 

6 3  
202 

160 

where ac i s  the  c a v i t y  sound  speed, V i s  the  cavi ty   volume,  
A i s  t h e  mouth area (see Table 2 )  and ( A l )  i s  t h e  
volume a t  t h e  r e sona to r  mouth. 

( A l )  : 1.27 m 3  ( 4 5  f t 3 )  main g e a r   c a v i t y  

(Al) 2 1.33  m3 (47 f t 3 )  nose   gear   cav i ty .  

Note 2: General volume mode f requencies  are given  by 
r 

where 2 R and RZ are the length,   depth,   and  width  dimensions,   and  the 

in t ege r s   nx ,   ny ,   nZ   (n l  = 0 ,  1, 2,...) are   corresponding mode numbers. 
x' y '  
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model i s  g i v e n  by 

where w i s  t h e  f r e q u e n c y   o f  the  f l u c t u a t i n g   f o r c e ,   F 2  i s  the  local 
mean-square   force ,  m i s  t h e  e f f e c t i v e  number o f   s o u r c e   r e g i o n s  
a l o n g  t h e  span ,  0 i s  t h e  ang le   be tween  t h e  l i n e  of t h e  t r a i l i n g  
edge  and t h e  o b s e r v e r ,   a n d  Q i s  t h e  ang le   be tween  t h e  p l a n e   o f  
t h e  s u r f a c e   a n d  t h e  o b s e r v e r .  The number   o f   source   reg ions   can  
be approximated  by t h e  s p a n   o f  t h e  edge d i v i d e d  by t h e  spanwise  
c o r r e l a t i o n   d i s t a n c e   i n  t h e  b o u n d a r y   l a y e r .  

S u f f i c i e n t l y  d e t a i l e d  measurements   of   near-edge  f lows  have 
n o t   b e e n  made t o   a l l o w  a d i r e c t   c a l c u l a t i o n   o f  radiated sound 
from t h e  su r face   p re s su re   spec t rum.   However ,   one   can  take ad- 
v a n t a g e   o f   e m p i r i c a l   p r o c e d u r e s   t o  estimate e d g e   n o i s e   s p e c t r a  
[see Hayden (1972), Hayden e t  aZ.  (1974), and  Hayden e t  aZ. 
(1975)]. Based on t h e s e  s o u r c e s ,  t h e  s p e c t r u m   f o r  a l i g h t l y  
l o a d e d   a i r f o i l  shown i n   F i g .  1 6  and t h e  c o r r e s p o n d i n g   e q u a t i o n  
given  below  were  used t o  estimate c a v i t y   l o a d i n g   e d g e   n o i s e   f o r  
t h e  Boeing 727 a i r c r a f t .  The  e q u a t i o n   f o r   o v e r a l l   p o w e r   l e v e l  i s  

PWL ( d B  r e  1 0 - l 2 W )  = + 16.3 + 10 l o g  (6WU6) . (12) 

where 6 i s  the  boundary l a y e r  t h i c k n e s s  (in), W i s  t h e  c a v i t y  w i d t h  
n o r m a l   t o  t h e  f low ( m ) ,  a n d  U i s  t h e   f r e e  stream v e l o c i t y   ( m / s e c ) .  
T h i s  e x p r e s s i o n  i s  v a l i d   f o r  t h e  c o n t r i b u t i o n   o f  t h e  flow  on  one 
s i d e  of'  t h e  edge, as i s  a p p r o p r i a t e   f o r  t h e  c a v i t y   l e a d i n g   e d g e  
problem. 

The  computed r e s u l t   f o r   t h e  sum o f  a l l  p o s s i b l e   c a v i t y  lead- 
ing   edges   exposed  to t h e  f low i s  shown l a t e r  i n   F i g .  1 6 .  A c a v i t y  
l e a d i n g  edge b o u n d a r y   l a y e r   t h i c k n e s s   o f  0 . 0 5 5  m ( 1 . 1 8  f t )  was used ,  
based on a f l a t - p l a t e  t u r b u l e n t   b o u n d a r y   l a y e r   f o r m u l a   a n d  t h e  
a v e r a g e   d i s t a n c e   t o   t h e   w i n g   l e a d i n g  edge. A c t u a l l y ,  t h e  bound- 
a r y   l a y e r   p r o p e r t i e s  may b e  c o n s i d e r a b l y   d i f f e r e n t ,   s i n c e  t h e  
m a i n   g e a r   c a v i t y  i s  l o c a t e d  a t  t h e   w i n g - f u s e l a g e   j u n c t i o n   a n d  
i s  p a r t i a l l y   d o w n s t r e a m   o f  t h e  w i n g   l e a d i n g   e d g e   d e v i c e s .  .How- 
e v e r ,  a more r e l i a b l e  es t imate  o f  t h e  boundary l a y e r  p r o p e r t i e s  
i s  n o t   a v a i l a b l e .  The same t h i c k n e s s  was assumed  for  t h e  n o s e  
g e a r   c a v i t y .  No at tempt  was made t o  compute   s epa ra t e ly  t h e  c a s e  
o f   m a i n   f u s e l a g e   d o o r s   a n d   f o r w a r d   n o s e   d o o r s   c l o s e d ,   f o r   w h i c h  
t h e  l e v e l s  w i l l  be   lower.   Because t h i s  i s  a r e l a t i v e l y  weak n o i s e  
source ,   on ly   an   upper   bound est imate  i s  needed.  Note t h a t  t h e  
l eng th   o f   exposed   edge  i s  much l e s s  t h a n  t h e  l e n g t h   o f   w i n g ,  f l a p ,  
a n d   s t a b i l i z e r   t r a i l i n g   e d g e s  t h a t  g e n e r a t e   n o i s e  b y  t h e  same 
mechanism. 
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C A V I T Y   T R A I L I N G   E D G E   N O I S E  

R e g a r d l e s s   o f   w h e t h e r  or n o t  a c a v i t y   o s c i l l a t e s ,   t h e   c a v i t y  
t r a i l i n g   e d g e  i s  s u b j e c t e d   t o  a t u r b u l e n t   i n f l o w   d u e   t o   t h e   p r e -  
s e n c e   o f   t h e   t u r b u l e n t   s h e a r   l a y e r   o v e r   t h e   c a v i t y   m o u t h .  The 
r e s u l t i n g   f l u c t u a t i n g   f o r c e s   p r o d u c e   d i p o l e - l i k e   a c o u s t i c  radia- 
t i o n ,   a n d  are,  no   doubt ,  a m a j o r   s o u r c e   o f   c a v i t y   b r o a d b a n d   n o i s e .  
F i g u r e  l7a s c h e m a t i c a l l y   i l l u s t r a t e s   t h i s   i m p i n g e m e n t   o f   t u r b u -  
l e n t   i n f l o w ,   a n d   a l s o   g i v e s   a n   i n d i c a t i o n   o f   t h e   l e a d i n g   e d g e  
s o u r c e   d i s c u s s e d   i n  t h e  p r e v i o u s   s e c t i o n .   F i g u r e  l 7 b  i n d i c a t e s  
q u a l i t a t i v e l y  the  a n t i c i p a t e d   d i r e c t i v i t y   p a t t e r n s   f o r  t h e s e  
sources ,   whicb ,   p resumably ,  a r e  d i s t o r t e d  by t h e   p r e s e n c e   o f   t h e  
c a v i t y .  

The  sound  mechanism i s  e s s e n t i a l l y   t h e   l e a d i n g  edge d i p o l e ,  
whose i n t e n s i t y   h a s  t h e  same parameter   dependences  as i n d i c a t e d  
by Eq. (11). Because of t h e  c o m p l e x i t y   o f   t h e   i n t e r a c t i o n  p ro -  
cess ,  i t  i s  necessary ,   however ,  to employ   an   empi r i ca l  scheme. 
The d ipo le   edge   no i se   mode l  was a d a p t e d  to t h e   l e a d i n g - e d g e  
s i t u a t i o n ,   a n d  a se r ies  o f   e x p e r i m e n t s   p e r f o r m e d   u s i n g  a f r e e  j e t  
as a r e p r e s e n t a t i v e   s o u r c e  o f  a f r e e  t u r b u l e n t  shear  l a y e r .  The 
r a t i o n a l e  for t h e  model ing was t h e  same as i n   o t h e r   e d g e   n o i s e  
m o d e l s ;   n a m e l y ,   t h a t   e a c h   l o c a l   f o r c e   f l u c t u a t i o n  i s  re la ted  t o  
t h e   d i f f e r e n t i a l   p r e s s u r e   a c r o s s   t h e   e d g e   a n d   t h e   s c a l e   o f   t h e  
d i s t u r b a n c e .  To p r e d i c t   t h e   t o t a l   s o u n d   o u t p u t ,   o n e   s i m p l y   a d d s  
up t h e   i n d i v i d u a l   s o u r c e s ,   w h o s e   n u m b e r s  a r e  estimated by t h e  
r a t i o   o f   t h e  wetted span ,  W ,  to t h e  s p a n w i s e   c o r r e l a t i o n   l e n g t h .  
F i g u r e  1 8  s u m m a r i z e s   t h e   r e s u l t   o f   s e v e r a l   e x p e r i m e n t s   p e r f o r m e d  
by  Hayden, Kadman, and  Chanaud ( 1 9 7 2 ) .  The   peak   power   l eve l   occurs  
a t  a St rouhal   number  o f  abou t  0 . 3  based on t h e  l o c a l  shear l a y e r  
t h i c k n e s s ,  6 ,  and t h e  maximum mean v e l o c i t y ,  U .  

The  l /3 -oc tave   band   power   l eve l  a t  t h i s  peak i s  

PWL ( @  f6/U I 0 . 3 )  i n  d B  re  10-l2w 

= + 8 . 3  + 1 0  l o g  ( 6 W U 6 )  , 

where 6 i s  t h e   l o c a l  shear  l a y e r   t h i c k n e s s   i n   m e t e r s  ( 6  = 0 . 2 ~ ~  
where x i s  t h e   d i s t a n c e   f r o m   t h e   f l o w   s e p a r a t i o n   p o i n t ) ,  W i s  t h e  
we t t ed   span  ( m ) ,  and U i s  t h e  f r e e  s t r e a m   v e l o c i t y   ( m / s e c ) .  The 
one - th i rd   oc t ave   spec t rum may b e  c a l c u l a t e d   u s i n g  F i g .  1 8 .  F i g u r e  
1 8  a l s o  shows v a r i a t i o n s   e n c o u n t e r e d   f r o m   p o s i t i o n i n g   e f f e c t s  of 
t h e  e d g e   i n  t h e  shear l a y e r   a n d  t h e  impingement   angle .  The  
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d i r e c t i v i t y   o f  t h e  s o u r c e  i s  t h e  same as  t h a t   p r e v i o u s l y   r e p o r t e d  
f o r   t r a i l i n g - e d g e   n o i s e   f o r   t h i n   e d g e s .  The e f f e c t   o f  a nearby 
s u r f a c e ,   s u c h  as c a v i t y  walls, f l o o r ,   e t c . ,  w i l l  a f f e c t  t h e  d i -  
r e c t i v i t y ,   b u t   s u c h   e f f e c t s   h a v e   n o t   y e t   b e e n   c o n s i d e r e d   q u a n t i -  
t a t i v e l y .  

Use o f  t h e  s p e c t r a   o f   F i g .  1 8  t o   p r e d i c t   i m p i n g e m e n t   n o i s e  
i s  j u s t i f i a b l e ,   b e c a u s e  t h e  t w o   o r i e n t a t i o n s   o f  t h e  edge,   normal  
to a n d   a l i g n e d   w i t h   t h e   f l o w ,   r e p r e s e n t  t h e  two  sur faces   which  
form t h e  c a v i t y   t r a i l i n g  wedge.  Because  of t h e  e f f e c t s   o f   f l o w  
s e p a r a t i o n ,  t h e  n o r m a l   o r i e n t a t i o n   p r o b a b l y   p r o v i d e s  a good re- 
p r e s e n t a t i o n   o f  t h e  c a v i t y  rear bulkhead .  Use o f  t h e  data f o r  
t h e  wedge a l i g n e d   w i t h  t h e  f l o w   p r o b a b l y   o v e r e s t i m a t e s   r a d i a t i o n  
f r o m   t h e   s u r f a c e   b e h i n d  t h e  c a v i t y .  Use o f   t h e s e   t w o   s p e c t r a  
t o g e t h e r   a l l o w s  t h e  r a d i a t i o n   t o  be roughly  bounded w i t h  a band. 

The n o i s e   d u e   t o   s h e a r   l a y e r   i m p i n g e m e n t   o n  t h e  a f t  edge of 
t h e  l a n d i n g   g e a r   c a v i t i e s  was c a l c u l a t e d   u s i n g   E q .  (13) and 
F i g .  1 8 .  A s  e x p l a i n e d  e a r l i e r ,  two s i t u a t i o n s   t y p i c a l l y   o c c u r  
d u r i n g   a p p r o a c h :   o n e   i n   w h i c h   b o t h   f u s e l a g e   a n d   w i n g   d o o r s  a r e  
o p e n ,   a n d   o n e   i n   w h i c h   f u s e l a g e   d o o r s  a r e  r e c l o s e d .  The  r e s u l t s  
shown - i n   F i g .  19 i n d i c a t e  t h a t  t hese  s o u r c e s   c o u l d  b e  a dominant 
f a c t o r  a t  l o w   f r e q u e n c i e s   o r  a t  h i g h e r   f r e q u e n c i e s  i f  t h e  s h e a r  
l a y e r   c h a r a c t e r i s t i c s  a r e  d i f f e r e n t   f r o m   t h o s e   m o d e l e d .  

The e f f e c t s   o f   o t h e r   s o u r c e s   o f   i n f l o w   t u r b u l e n c e   o n   n o i s e  
r a d i a t i o n   f r o m  t h e  c a v i t y   t r a i l i n g   e d g e   h a v e   n o t   b e e n  estimated. 
These sources   wou ld   i nc lude  t h e  l a n d i n g   g e a r   s t r u t  when t h e  g e a r  
i s  i n   p l a c e ,   a n d  t h e  e n t i r e   a s s e m b l y  as t h e  g e a r  i s  be ing   l owered .  
The m a i n   g e a r   s t r u t  may b e  r e l a t i v e l y   u n i m p o r t a n t ,   s i n c e  i t s  wake 
c a n   o n l y   i n t e r a c t  w i t h  a small f r a c t i o n   o f  t h e  t o t a l   l e n g t h   o f  
t h e  w i n g   c a v i t y   t r a i l i n g   e d g e .   I n  t h e  a b s e n c e   o f   d i r e c t l y  r e l e -  
v a n t   e x p e r i m e n t a l  data ,  t h e   e f f e c t  o f  these  s o u r c e s   o f   i n f l o w  
t u r b u l e n c e   o n   t r a i l i n g   e d g e   n o i s e   c a n n o t  b e  estimated w i t h  any 
c o n f i d e n c e .  

F i n a l l y ,  t h e  q u e s t i o n  a r i s e s  as t o   w h e t h e r  t h e  p r e s e n c e   o f  t h e  
c a v i t y   c a n   s e r v e   t o   a m p l i f y   t u r b u l e n c e   i m p i n g e m e n t   n o i s e   t h r o u g h  t h e  
e x c i t a t i o n   o f   c a v i t y   m o d e s .   F o r  a c l e a n   r e c t a n g u l a r   c a v i t y ,   w h i c h  
i s  a l w a y s   e x p o s e d   t o  i t s  own t u r b u l e n t  shear  l a y e r ,  t h e  answer i s  
l a r g e l y   c o n t a i n e d   i n   t h e   s e m i - e m p i r i c a l   a n a l y s i s   o f  i t s  o s c i l l a t i o n  
b e h a v i o r ,  as d i s c u s s e d   i n  t h e  s e c t i o n   o f   c a v i t y   d i s c r e t e   p r e s s u r e  
o s c i l l a t i o n s .  The shear l a y e r   t u r b u l e n c e  i s  p a r t i a l l y   r e s p o n s i b l e  
f o r  t h e  w i d t h  o f   t o n a l   p e a k s ,   b u t  i s  o the rwise   o f   s econda ry   impor -  
t a n c e  to t h e  o s c i l l a t i o n   p r o c e s s .   I n   f a c t ,   c a v i t i e s  w i t h  l a m i n a r  
shear l a y e r s   t y p i c a l l y   o s c i l l a t e  more i n t e n s e l y ,   s u g g e s t i n g  tha t  
a n y   a d d i t i o n a l   f o r c i n g   d u e   t o  shear  l a y e r   t u r b u l e n c e  i s  more t h a n  
overcome by t h e  e f f e c t s   o f   i n c r e a s e d  shear l a y e r   t h i c k n e s s   a n d  re- 
duced mean v e l o c i t y   g r a d i e n t .   S i m i l a r l y ,   i n t r o d u c i n g   t u r b u l e n c e  
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ups t r eam of  t h e  c a v i t y  w i t h  s p o i l e r s  raises t h e  broadband  and re- 
d u c e s   t h e   t o n e s .  We c a n   c o n c l u d e   t h a t   t h e   i n c r e a s e   i n   t h e   b r o a d -  
b a n d   l e v e l  i s  d i r e c t l y   d u e   t o   c h a n g i n g  t h e  i n c i d e n t   t u r b u l e n c e  
i n t e n s i t y   r a t h e r   t h a n  a c o u p l i n g   w i t h   t h e   c a v i t y   d y n a m i c s .  

However,  when t h e  c a v i t y  i s  e s s e n t i a l l y  a v e n t e d   e n c l o s u r e  
r a t h e r   t h a n   a n   o p e n   r e c t a n g u l a r   c o n f i g u r a t i o n ,  i t s  modal   charac-  
t e r i s t ics  are  less dependen t   on   t he  mean s h e a r  l a y e r  p r o p e r t i e s .  
I n  th is  case,  i t  can  be e x p e c t e d   t h a n   s h e a r  l ayer  t u r b u l e n c e ,  
a n d   p a r t i c u l a r l y  i t s  i m p i n g e m e n t   o n   t h e   c a v i t y   t r a i l i n g  edge, 
w i l l  e x c i t e  modes i n  t h e  c a v i t y   e n c l o s u r e   a n d  some a m p l i f i c a t i o n  
o f   t he   r ad ' i a t ed   sound  may o c c u r .   N o t i c e  t h a t  t h e   s p e c t r a  of 
F i g .   1 9  f a l l  i n   t h e  same g e n e r a l   f r e q u e n c y   r a n g e  as t h e   v e n t e d  
e n c l o s u r e   f r e q u e n c i e s   o f  Tab le  3 .  

L A N D I N G   G E A R   D I R E C T   R A D I A T E D   N O I S E  

Perhaps  t h e  most familiar aerodynamic  noise  mechanism i s  
r e l a t e d  t o  t h e   g e n e r a t i o n   o f   a n   u n s t e a d y  wake by  a b l u f f  body i n  
a n   a i r f l o w .   V o r t e x   s h e d d i n g  b y  c y l i n d e r s  a t  low  Reynolds  numbers 
produces  narrowband  sound r e l a t ed  t o  t h e  f l u c t u a t i n g   l i f t   a n d  
d r a g   f o r c e s .  A s  Reynolds   number   increases ,  t h e  shedding  becomes 
i n c r e a s i n g l y  r andom  and   b roadband   no i se   i s . p roduced .   S imi l a r ly ,  
u s u a l l y  t h e  more   rough   and   i r r egu la r  t h e  body  shape,   the   more 
broadband t h e  r e s u l t i n g   n o i s e   s p e c t r u m .  

F l u c t u a t i o n s   i n  t h e  a e r o d y n a m i c   f o r c e s   o c c u r   i n   b o t h   t h e  
d i r e c t i o n   n o r m a l   t o  t h e  f low,  FN, and t h e  d i r e c t i o n   o f  t h e  mean 
f low,   FD.   The  magni tude  of  t h e  f l u c t u a t i n g   f o r c e s  i s  r e l a t e d   t o  
t h e  s t e a d y  s t a t e  d r a g   o n  t h e  body,  which i s  a func t ion   o f   Reyno lds  
number. V a l u e s  of  r m s  n o r m a l   f o r c e   t o  s t e a d y  d r a g  a re  g i v e n  b y  
J o n e s  et aZ .  ( 1 9 6 9 ) ;  t y p i c a l l y ,  

FN 
" - 0 . 2  a t  Reynolds  numbers - UD - - l o 6 .  
F, V 

T y p i c a l   v a l u e s   o f   d r a g   f l u c t u a t i o n s  were found by  He l l e r   and  
Widnal l  ( 1 9 6 8 )  t o  b e  

I' 

DSS 
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The f r equency ,  f ,  f o r  t h e  f o r c e s  a t  a given  Reynolds  number i s  a 
d i r e c t  p r o p o r t i o n   o f  t h e  r a t i o   o f   v e l o c i t y  to diameter ( f D / U  = 
c o n s t a n t ) .  T h i s  Strouhal   number ,   which has b e e n   s t u d i e d   o v e r  a 
wide r ange ,  i s  u s u a l l y   a b o u t  0 . 2  to 0.25; t h e  bandwidth   o f  t h e  
f o r c e   f l u c t u a t i o n s   a l s o   v a r i e s  w i t h  Reynolds  number  (Jones et aZ., 
1 9 6 9 )  

The r e l a t i o n s h i p   b e t w e e n  t h e  s p e c t r u m   o f   f o r c e   f l u c t u a t i o n s ,  
@F, and t h e  s p e c t r u m   o f  radiated s o u n d   p r e s s u r e ,  Opa ,  may be 
g i v e n  by 

fo r   f r equenc ie s   whose   wave leng ths  a r e  much l o n g e r   t h a n  a d imens ion  
o f  t h e  s u r f a c e .  The a n g l e  8 i s  t a k e n   f r o m  t h e  a x i s   o f  t h e  f o r c e  
f l u c t u a t i o n s .  The sound  power  spectrum i s  

F o r  a t y p i c a l   a i r c r a f t ,  t h e  b l u f f  body p r o t r u s i o n s  t h a t  c a u s e  
wake-related f o r c e   n o i s e  a r e  no t   s imp ly  shapes,  as shown i n   F i g .  
2 0  a n d   F i g s .  3 th rough  7 .  No t i ce  t ha t  because  of t h e i r  t h i c k  f l a t  
edges ,  t h e  l a n d i n g  gear d o o r s  a re  c o n s i d e r e d   t o   b e h a v e   s i m i l a r l y  
t o  t h e  more b l u n t   s t r u t s   a n d  wheels. 

The d i f f i c u l t y   i n   p e r f o r m i n g  a p r e d i c t i o n   o f  t h e  n o i s e   f r o m  
s t r u t s ,  wheels, b l u f f  doors, e t c . ,  i s  t h e  e s t i m a t i o n  of  t h e  
a p p r o p r i a t e   f o r c e s   a n d  t h e i r  f r equency   spec t rum.  The gear was 
b r o k e n   i n t o  small components,   and t h e  f l u c t u a t i n g  l i f t  and   d rag  
c a l c u l a t e d   f o r   e a c h   s e c t i o n .   R e y n o l d s   n u m b e r s  based on s e c t i o n  
diameter (or, i n  t h e  c a s e   o f   w h e e l s ,  t h e  t i r e  w i d t h )  were around 
1 t o  2 x lo6. For c y l i n d e r s   i n  t h i s  r a n g e ,   J o n e s '  data show t h a t  
t h e  S t r o u h a l  number o f  t h e  peak n o r m a l   f o r c e   f l u c t u a t i o n  i s  abou t  
0 . 2 5 ,  t h e  rms magni tude   o f  t h e  no rma l   fo rce   r anges   be tween   0 .08  
t o  0 . 1 2  times t h e  s t e a d y   d r a g ,   a n d   t h e   s p e c t r u m  has a broadband 
c h a r a c t e r ,   u n l i k e   v o r t e x   s h e d d i n g  a t  lower  or much h igher   Reynolds  
numbers. The o v e r a l l   l e v e l  for e a c h   s e c t i o n  was  computed u s i n g  
E q .  ( 1 4 )  and   app ly ing   He l l e r   and   Widna l l ' s   (1968)   b roadband  
spec t rum ( t h e  1/3-octave  band peak o c c u r r i n g  a t  t h e  shedd ing  
S t r o u h a l  number i s  1 5  dB b e l o w   t h e   o v e r a l l   l e v e l ) ,  shown i n  
F i g .  2 1 .  
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The drag f l u c t u a t i o n s  were computed  using  Eq. (15 )  and 
Heller a n d   W i d n a l l ' s   S t r o u h a l   s p e c t r u m   c e n t e r e d  a t  f D / U  = 0 . 4 .  

T h e   c o m p o s i t e   s p e c t r a   f o r   d i f f e r e n t   c o m p o n e n t s  are shown i n  
F i g .  2 2 .  The drag f l u c t u a t i o n s   c o n t r i b u t e  l i t t l e  t o   t h e   t o t a l  
sound   ou tpu t  as e x p e c t e d .  The low-frequency area i s  dominated 
by t h e  wheels (which were assumed t o  u n d e r g o   f l o w   s e p a r a t i o n  a t  
t h e  maximum diameter p o i n t ) ,   a n d   s t r u t s   d o m i n a t e  t h e  h igh- f requency  
area. The t o t a l  power l e v e l   d o m i n a t e s   t h a t   o f  t h e  wing  edge 
s o u r c e s  a t  l o w   f r e q u e n c i e s .   I n   c o n s i d e r i n g   t h e  f a r f i e l d  c o n t r i b u -  
t i o n   o f   t h e  d i r e c t  radiated s o u n d ,   a f t e r - r e f l e c t i o n   e f f e c t s   o f  
d i r e c t i v i t y   s h o u l d  b e  c a r e f u l l y  estimated. To o b t a i n   a n  estimate 
o f   t h e   d i r e c t  radiated n o i s e  (SPL)  o f   t h e  gears a t  t h e  same ground 
o b s e r v e r   p o i n t ,  50 d B  c o u l d  be s u b t r a c t e d   f r o m   t h e  power l e v e l s .  
However, i t  s h o u l d  be r e c o g n i z e d   t h a t   b e c a u s e   o f  t h e  inhomogeneous 
n a t u r e   o f  t h e  components  and t h e  l o c a l   f l o w   a r o u n d  t h e  gear, t h e s e  
estimates a re  already g r o s s .  

The c a v i t y   t u r b u l e n t  shear  l aye r  w i l l  impinge  on t h e  l a n d i n g  
gear s t r u t s  and braces ,  t h e r e b y  s u b j e c t i n g  a p o r t i o n  of t h e s e  
e l e m e n t s   t o   a n   u n s t e a d y   i n f l o w .  A s  a r e s u l t ,   a d d i t i o n a l   l o a d s  
w i l l  be  p r o d u c e d   i n  t h e  impingement   region,   and t h e  v o r t e x  shed- 
d i n g   p r o c e s s  may b e  a f f e c t e d   o v e r  t h e  e n t i r e   l e n g t h   o f  t h e  e l emen t .  
If t h e  impingement   region i s  a r e l a t i v e l y  small p o r t i o n   o f  t h e  
e lement   span ,   and  i f  t h e   R e y n o l d s  number is s u f f i c i e n t l y   h i g h  
s o  t h a t  t h e  shedd ing  i s  a l ready t u r b u l e n t ,  t h e s e  e f f e c t s  may n o t  
be  t o o   i m p o r t a n t .  On t h e  o t h e r   h a n d ,  i f  t h e  v o r t e x   s h e d d i n g  
p r o c e s s  was i n i t i a l l y   d i s c r e t e ,  t h e  a d d i t i o n   o f   i n f l o w   t u r b u l e n c e  
t o  a n y   p o r t i o n  o f  t h e  s t r u t   m i g h t   d i s r u p t  t h e  d i s c r e t e   s h e d d i n g  
p r o c e s s .  

On some l a n d i n g   g e a r   c o n f i g u r a t i o n s ,  t h e  wakes o f  some g e a r  
components may impinge   on   o ther   gear   components   and   produce  un- 
s t e a d y  l o a d s .  T h i s  i n t e r a c t i o n  may o c c u r   o n   t h e   i n - l i n e   m a i n  
s t r u t s   a n d  wheels o f  some l a r g e   a i r c r a f t .  The i m p o r t a n c e   o f   t h i s  
n o i s e   s o u r c e  w i l l  s t r o n g l y   d e p e n d  on t h e   p a r t i c u l a r   l a n d i n g   g e a r  
g e o m e t r y .   L a n d i n g   g e a r   w a k e / l a n d i n g   g e a r   i n t e r a c t i o n s   h a v e   n o t  
b e e n   c o n s i d e r e d   i n  t h i s  r e p o r t ,   a n d  i t  i s  b e l i e v e d  t h a t  d i r e c t l y  
r e l e v a n t   e x p e r i m e n t a l  data would be  r e q u i r e d   t o  make a r e a s o n a b l e  
estimate o f   e f f e c t  on rad ia ted  n o i s e .  

C A V I T Y   A N D   G E A R   W A K E   I N T E R A C T I O N S   W I T H   T H E  
W I N G   T R A I L I N G   E D G E   A N D   F L A P S  

The t u r b u l e n t  wakes beh ind  t h e  l a n d i n g   g e a r   c a v i t i e s   a n d  
s t r u t s  may induce   uns t eady   l oads   on  t h e  w i n g   t r a i l i n g   e d g e   a n d  
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t h e   f l a p  s y s t e m .  T h i s  e f f e c t  i s  i l l u s t r a t e d   s c h e m a t i c a l l y   i n  
F i g .  23.  These l o a d s  a re  produced by d i r e c t   t u r b u l e n c e   i m p i n g e -  
ment  and b y  t h e  e f f e c t   o f   t u r b u l e n t   f l o w   o v e r  t h e  wing  and f l a p  
edges. The r e s u l t i n g   i m p i n g e m e n t   n o i s e   a n d   e d g e   n o i s e  w i l l  de- 
pend  on t h e   t u r b u l e n c e   s p e c t r u m   o f   t h e   w a k e s   a n d   o n   t h e   i n t e r a c t i o n  
g e o m e t r y ;   t h e s e   n o i s e   s o u r c e s   c a n  b e  e x p e c t e d   t o   h a v e  a d i p o l e -  
l i k e   c h a r a c t e r .  The wake b e h i n d   t h e   w i n g   g e a r   a n d   c a v i t y  i s  com- 
p o s e d   o f   t h e   t u r b u l e n t   f l o w   f r o m  ha l f  t h e  c a v i t y   s h e a r  l a y e r  as 
w e l l  as t h e  wakes o f  s t r u t s ,   b r a c e s ,   a n d  wheels. Because   t he  
c a v i t y   s h e a r   l a y e r  i s  a d j a c e n t   t o   t h e   l o w e r   s u r f a c e   o f   t h e   w i n g  
i t  m u s t   i n e v i t a b l y   i n t e r a c t   w i t h   t h e   w i n g   t r a i l i n g  edge a n d   f l a p  
s y s t e m .  T h e   d e g r e e   o f   i n t e r a c t i o n   w i t h   t h e   w a k e s  o f  o t h e r  com- 
p o n e n t s  i s  less c e r t a i n ,   a n d   p r e s u m a b l y   d e p e n d s   o n   t h e   f l a p  
s e t t i n g .  

R e c a u s e   o f   t h e   c o m p l i c a t e d   n a t u r e  of t h i s   n o i s e   s o u r c e ,  a 
q u a n t i t a t i v e  estimate o f   t h e   o v e r a l l   l e v e l   a n d   s p e c t r u m  has n o t  
b e e n   a t t e m p t e d .  It i s  b e l i e v e d  t h a t  a n   e x p e r i m e n t a l   s i m u l a t i o n  
o f   t h e   w a k e / f l a p   i n t e r a c t i o n   f l o w  w i l l  be r e q u i r e d  t o  make a 
r e l i a b l e  n o i s e   p r e d i c t i o n .   S i n c e  a v e r y   t u r b u l e n t   l a n d i n g   g e a r  
wake i s  e x p e c t e d ,  t h i s  i n t e r a c t i o n  may prove  t o  b e  an   impor t an t  
airframe n o i s e   s o u r c e .  

C O M P O S I T E   N O I S E   P R E D I C T I O N  

The r e s u l t s   o f  t h e  p r e v i o u s   s e c t i o n s   c a n  b e  combined w i t h  
t he  p r e d i c t i o n   o f  Hayden et aZ .  (1974) f o r  t h e  w i n g s ,   f l a p s ,   a n d  
s t a b i l i z e r  of a Boeing 7 2 7  to o b t a i n  a composi te   o f  a l l  n o i s e  
s o u r c e s   d u r i n g   a p p r o a c h .  The r e s u l t  i s  shown i n   F i g .  2 4  f o r  
d i f f e r e n t   c a v i t y   a n d   l a n d i n g   g e a r   s i t u a t i o n s .  It  a p p e a r s  t h a t  
wing, f l a p ,  and s t a b i l i z e r  s o u r c e s   c o n t r o l  t h e  h igh- f requency  
r a n g e ,   w h i l e   g e a r   d i r e c t  r ad ia t ed  n o i s e   a n d  shear l a y e r  impinge- 
ment  on t h e  c a v i t y  a f t  edge  dominate  t h e  low-frequency a rea .  

The r e g i o n  where most  of t h e  c a v i t y   o s c i l l a t i o n   p e a k   l e v e l s  
were e s t i m a t e d   t o   o c c u r . i s   i n d i c a t e d  by t h e  c r o s s - h a t c h e d   b o x   i n  
t h e   u p p e r  l e f t  o f  F i g .  2 4 .  S i n c e  these  estimates are ve ry  l i k e l y  
h i g h ,  t h e  a c t u a l   l e v e l s   p r o b a b l y  f a l l  below t h e  box.  The i n d i c a -  
t i o n  i s  t h a t   c a v i t y   o s c i l l a t i o n s   c a n  b e  a n  airframe no i se   p rob lem,  
b u t   o n l y  i f  t h e y   o c c u r   f o r  rea l  a i r c r a f t   l a n d i n g   g e a r   c o n f i g u r a -  
t i o n s .  

To estimate t h e  l e v e l  a t  t h e  F A A  c e r t i f i c a t i o n   p o i n t ,   t h e  
d i r e c t i v i t y   a n d   p a t h  e f f e c t s  must b e  c o n s i d e r e d .   F i g u r e  24 il- 
l u s t r a t e s   t h i s   l e v e l  for t h e   e d g e  s o u r c e s   w h o s e   d i r e c t i v i t y  i s  
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f TRAILING-EDGE 
NOISE MECHANISMS 

( a )  "CLEAN" WING AND FLAPS 

ffl&r INCREASED LEVEL 
OF EDGE SOURCES 
CAUSED BY INFLOW 

L(FLUCTuATlNG FORCES  DUE  TO 
TURBULENT FLOW  IM-PINGEMENT 

( b )  WING WITH LANDING GEAR  DOWN 

F I G .  2 3 .  I L L U S T R A T I O N  O F  P O S S I B L E   C A V I T Y   A N D   G E A R   W A K E  
I M P I N G E M E N T  O N   T H E   W I N G   T R A I L I N G   E D G E   A N D   F L A P S .  
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FIG. 2 4 .  COMPOSITE OF ALL  SOURCES F O R  T H E   B O E I N G  727, 
73 m / s e c   ( 2 4 0   f t / s e c ) ,   1 1 2 . 8  m (370 f t )  ALTITUDE. 
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r e l a t i v e l y   u n c o m p l i c a t e d .  It would be r e a s o n a b l y   c o n s e r v a t i v e   t o  
s u b t r a c t  50 d B  from t h e  s o u r c e   p o w e r   l e v e l s   o f  t h e  o t h e r   s o u r c e s  
to o b t a i n  t h e  SPL a t  t h e  o b s e r v e r   p o s i t i o n  shown f o r  t h e  approach  
c e r t i f i c a t i o n   p o i n t   ( g r o u n d   r e f l e c t i o n   n e g l e c t e d ) .   T h u s ,   o n e  
wou ld   expec t   t o   obse rve   1 /3 -oc tave   band   l eve l s   o f  75 t o  78 dB 
between 60 and 800 Hz, a n d   o v e r a l l   l e v e l s   o f  88 t o  91 d B  f o r  
t h e  s i t u a t i o n   m o d e l e d .  T h e   p e r c e i v e d   n o i s e   l e v e l  i s  approx ima te ly  
97 PNdB, which i s  above  FAR 36-10 d B  f o r  t h e  Boeing 727. 
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